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related to an No. , entitled MEMORY MODULE | NCLUDI NG A
I vI EMORY i VI itTed on February 13) 199S, and U.S. Patent
Appl i cation No. €t apptlcadtidvORYreldiBbLtE LHANJIRGhE i behefh ohtheehlinig dytek3,
1998, each of which is assigned to the assignee of the present application.
FI ELD OF THEftReEREPeng i ;gﬁde%@ms PWéﬁpnéﬁPpantta%mhqa@ome @) el d of
menory syst r the pre i

remory syt SRV Re A Rasaiot g 1Ty Ehftsd DISTRIBOTED ROt

BACKGROUND WEM@RNDBIUS%R@EMEE&ME}QHE&G’W Dlea@nBE:nBrMWDCHHdE(SZ (SI M) and
dual in-line nmemry m)dul es (DIMVs) are typicall to store data,

i nstructi ond TO¥HAOBR h&PR! WPHPH’HNOO-H—-I—H'O%Uflé?lSﬁsgﬁTIgItBr{é'FE@I GANMI R st ens.
Figure 1 ShaWeMORYPBES! ARCERTECTURE Mk ADDRRRLAE 8286, 1R gommUNI cal es

wi th dynani ¢ random access nenory (DRA I ces on nenory nodul es
106 and 108,appéspions ued assigried trether sancoassiphéeas Mprd‘dbnba}yphmtdml ler 104

comuni cat es appr.Qpri ati mem)r &nstructl On@ C, W read, refresh,
etc.) to nenmory UREP1EY "\’/“é atFgr lated e oéne‘%%lmb 1£8t1°a Ot e—menory
modul e 108 \@n@u@a%momdmm@dn@eﬁulﬁ%c%Mﬁvf‘oxfzf{%@‘@utﬁd _from memory

controller 104 to both nodul es via bus . -1- 'ooo000a’ A2
WO 99/ 30240 (ROIVTUSIBLER f84ad Dinerebrarey 43, ]%ﬁshnﬁMSdPsmdvamngamadﬁoc| at ed

wi th the conventi on E ses 8, 12 and
122 are mul ti—drop @@@Wﬁ%ﬂi@ﬁ%ﬁ 3&@5@5‘@’%&) BE&S Wfléﬁuarré(qﬁ}'re

| ar ge drlver1993rbarmrmr‘ymchqgratsglghé@rtolﬂéa@sn bdo eseRr Aggliddtdrdri ve bus
122); and (2% there tends to be-large msnatches in {oadin et ween t he
address and T bus 122. These d| sadvant ages conbine to
reduce the maxi oper at | ng frequ ower cons tion, and
decr ease performaiﬁ(,ga ePs er%@vgygltogng i )l’[ttPcfﬁﬁ fe?j‘a WrXc?HF%g‘F ‘er 104 may
i ncl ude a hiNgbrengaiesul £y Pihespde€ert: invaRBbAXIRESkY al AR PSyERm ahdk DI MM
SDP~AM system to support access to nenory nodul es 106 and 108. The bus

wi dt h of dataclbdes pomemprgfecair@lergen 2amimarywingdules support | ar ger

bandw dt hs, g‘&) G of up to 100 nega transm ssions per second (MI/s).
Figure ? sh pi cal nmenory systemthat uses technol ogy from
Ranbus, Inc. of Mietmioay indlels sGahi {0giRgRe id- mb%&mw&&mm%qsmm 202
communi cates w th Ranbus dynam c random access menory (RDRAMI™') devices
210-217 on RERvEY2lnpdinemerusyamnededs (RIMYstare é)CPIF@“iibusedﬁthQﬁé dataror y
nodul es or e I e V|a 0 I 4.

Vemory cont o1 a5 iorb Aedrmner CRRERLIOClY rorR TR el Bl gt g

write, readFigefer Eshowetttypicabanatabey systamtnnnwmwdﬁ ey 1f0ash| on to rrermry
nodul es 206 and 208 via nmenpry specifjc bus 226. Each_of th

e
devi ces 210SOTYMHAIGAIRSWI tht QYRR FWQE“?B@ES‘“EF@%E(&R@M ﬂe‘tlﬁ’étn@nabl es
t he RDRAMI~t: AR3n i
specific bus}lggo\é{ may %‘S’e}rngdgﬂ%??% hﬂd%?”?é’s %96%1 Glabe%Eg%@ d\ﬁg%[%l-lz),
have a snal [106usMesrdir c(oeng)ll,er ]1®4mt>rﬂ1&usm<gned apprcqﬁ)atehavmosymret ric
| oadi ng for address a. information, andém bandvvl dt h of

up to 800 MIMETUGHPT e:r Wf’é@d‘i ntr resh, ELQH R BREMATYImO VHf or nmat i on
may be Separa@rd@gss(g%’t'&hhmrﬂ(ggé 1180MRd b nflahér Ht%d' Crkhtlb‘S %1aemafe9§%3t The -

system of Figure 2 has a nunber of di sadvant age€s devi ce

i ncl udes a sogmhinddnts RRounatack tragiferred frdm mamrry aoetrbtigr ¢04mo bbthmakes
i npl enentation,of the Dﬁ?lyﬂ' devi ces nore G~ ~""~~ ~"~2 ~~v fe.
99130220 PCTrO8les 38 P8 it ficult and nore expensive mmnlmu"nlllmM
devi ces, and which causes the RDRAMI" devices to draw

di ssipate nore heat than if -1- «G00002*
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the logic was not present. This may lead to thermal and reliability °

probl ens. Adudyvioaswal |y, each RDP  AMI" typically includes a ®&TAEB&TREd

. loop (DLL)-circuit coupled to a plurality of clock signals on bus 226. The
DLL circuits are typically always Functioning and draw ng significant

amounts of powerhwhi gfe SORLET QUG a%aeaahth%re@mss@agtea%&tﬁthlaom&ﬁﬁyﬁﬁ
Additionally, nmenory controller 204 nust 1nclude relatively large drivers

to drive bmm@ S!Vh;t@a(m‘ H:gutehb fﬁérlrmsys éif&t]éiﬁsanlfééai abechulp- d-_lpglhlwsl and
2, the ne contro rovide the. a riate nmenory

transactio tl'Bi g ?ﬁ?ra&‘;l e\/oé’ggesfﬁgg rﬁﬂé‘b‘@t et HEYSFo él at

predet er m pgklrblldreE04 dHE INETOA MsAEN0L TIES(t3 i VEER®RY Y2200 inkat) ﬁﬁergﬂtéﬁdé hen be
designed to work together. It woul d be advantageous to decouple the design

of the ments e ém\gﬁd@ssnamhemm leadibng betmegrotheegddresh and aommang dnsent

d d d bl
Gecaupt o 1A G BEEZor T1oRe Druny ik e of BHaC R PEXIBAR or | or 10

decrease pepe: atﬂrgamoe%@yn@amhcr@ﬂgm{;uwdewbﬁ@xap@iohyaﬂdi'eieefﬁalsée menory system
O her features and vant ages of resent invention wll be apparent

fromthe aﬁéﬁﬁﬁﬁﬁw%@f dh%@yﬁg@ aﬁdldw@m iména@toawceatr@élgml%fnm t hat

Fol | ows. P n ages of
t he presen G nventl n yr@% f?uéﬁ%(??%%@% exa é@ng l@l{l\ﬁm tation

in the figSDBRAMYSsyishanpes ouppomtiadgesd tawhegdry mydhiled 106 Iﬁadrle)Bermpes
indicate simlar elenments and in which: Figure 1 is a block diagram of one
enmbodi ment bes wad oAl data el 22+ pbtep %%lt@"rgltFMgéﬁéo suppord langeek di agr am of

anot her e@%&ﬁ?&%sa or%x@?@l‘é“&é 8%&1 SyS% ?r%ﬁ&%”g uﬁ{ 9;%’ ﬁo}\é a bl ock

di agram of “Oone enbo m accord e present
invention;(M¥/s).t~ ~ .:"'..;,~ ~~"1 CVO 99/ 3U240 PCT/ US98125181 Figure 4 is

a bl ock d| agrar%of anot her enb%§| ment of a nmenobry system accor di ng to the
present inventi BIBUIEIZGHHAVEanether sy Bicr! meapPansteBieakHirsdieRRARI08Y a

dynam ¢ rapdamga IHF”PF &@ﬁnmem i®rhaC! ding ngst BRAM gEITRLy nmodul e

controller; Figure 6'is a |agramo one enbo a static

r andom acc2a% cmmmmxyxcéwthnhﬂnbes|dy(ria|mdncrtgndnn85@ddssrmmnyrymdul e

controll er(RDRAMTM) devices 210-217 on memory modules 206 and 208 (also called
Rambus in-line memory modules or RIMM™ modules), respectively, via
memory controller 204. Memory controller 204 communicates appropriate
memory instructions (e.g., write, read, refresh, etc.) and data in a time-
multiplexed fashion to memory modules 206 and 208 via memory specific
bus 226. Each of the RDRAM™ devices 210-217 include interface logic 218-
225, respectively, that enables the RDRAMT™ devices to interface to
memory specific bus 226. Memory specific bus 226 may operate at a high
frequency (e.g., 250 to 400 MHz), have a small bus width (e.g., 16 or 18 signal
lines), have symmetric loading for address, command, and data
information, and have a bandwidth of up to 800 MT/s. In other
embodiments, the address and control information may be separated
(demultiplexed) from the data bus in this environment.

The system of Figure 2 has a number of disadvantages. Each

RDRAM™ device includes a significant amount of logic in the interface

logic which makes implementation of the RDRAM™ devices more

-2-
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Figure 7 is a bl ock diagram of one enbodi nent of nonvolatile nenory nodul e

i ncl udi ng awoonmsedatil e nenory nodul e controller; Figure 8 iRCHUSASEEIS!

. di agram of -one enbodi nent of the nmenory nodul e controller of Figure 3

coupled to a tinme nmultiplexed systemnenory bus; Figure 9 is a flow chart

of one enboa'%frr@mt £fd htee R%BERST ItARA %MSW aé\ﬁc&%%‘aywﬂgﬁg% ises

controller of Figure 8, Figlure 10 is a bloc agram of one nment of
the menory fedRDRAMIt rdsviess tofdiawgorare povempbrd dissipatdenutd hedtetbed i$yst em

menory bus; Figure 11 is a flow.chart of qne enbodj nent of .fhe process
i npl enent ed I’ﬁawr?érﬂﬂ%)}” i J%E%maryollef’grtoﬁ eT‘—‘T‘@L?‘éd IBL,‘aqi‘f‘B’ure 12 is a

bl ock di agr?ﬁ&&n@ﬂ%@ﬁﬁ@ﬂﬂaﬂ?ﬂéa&{R@m“%y RANY SntEled Al Ma @ IOBER Y
modul e controller interfacing SDRAM devi ces th”a system nenbry bus using
a Direct Raltops(PLL)tiorcaiupled gorelatality of cidabvsigiwes ondfusdi2é. ditrol@Lient of

a read transact.ion igpl.e nt gvd by, thte nenor godul e controller of tFi ure
12; Figure T4E &iF fé??gﬁa?ly Ve RGTIRRMES fEYHe ?lggtflctapéﬁgé)c‘:ﬂ i

i npl ement edpbiret RehRRMENYriBREY L6 tROfHhA10ANErelddbifilyd ik es 2AJdiGRAILS 15 a
fl ow chart of one enbodi nent of a wite transacti'on inplenented by the

nmenory nodumement eottrelierot0dmmngst incipde rplgtivelylrge daivesx éorgriveybus ni ng
di agr am of J;;'be write transaction inplenented by the nenory nodul e
controller of Figure 12; 4 ~' ... a Et~.~ WD 991 302-1 0 PCTNS9S/ 25181

Figure 17 is an RxesaM f thetrndinegy diys@hane @dcrided aACifhARSASHd ONtHenp! ement ed
by the nmenory nodul e controller of Figure 12 using a nodified protocol; and
Fi gure 18mesneny eorplerrmusi e dgsi@nggrianpsivide Whe epPIORIRIACTEDATY

| mpl ement ed, Y { AR ATRENNY MBS B0 Oh!Lhrelletbitied AbemiThAg £ Modi fied

pr ot ocol .
predetermined times. The memory devices and memory controller must

then be designed to work together. It would be advantageous to decouple
the design of the memory devices and the memory controller such that
independent advances may be made in each technology. It would also be
desirable to decouple the operation of the memory devices from the
memory controller to decrease power drawn by each memory device and by
the entire memory system.

Other features and advantages of the present invention will be
apparent from the accompanying drawings and from the detailed

description that follows.

BRIEF DESCRIPTION OF THE DRAWINGS

The features and advantages of the present invention are illustrated
by way of example and not limitation in the figures of the accompanying
drawings in which like references indicate similar elements and in which:

Figure 1 is a block diagram of one embodiment of a conventional
memory system,

Figure 2 is a block diagram of another embodiment of a conventional
memory system;

Figure 3 is a block diagram of one embodiment of a memory system
according to the present invention;

-3-
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~Ul vt MARY OF THE | NVENTI ON One enbodi nent of the present invention includes
a system t Wax99B83%0a system menory control ler and a menory nb&dS8FHE!
. menory nodul e includes a nenory nodul e controller coupled to the system
menory controller and a plurality of menory devices coupled to the nenory
nodul e control | gfgurEldhgra chﬁﬁiﬁ%rafn@@‘f Wheteradifbasivadtitages idmbhe present
invention will be apparent fromtThe acconpanying draw ngs and froomthe
detai | ed desdeinpeicondingato the prasent DVEAIOED DESCRI PTI ON A nenory system

i ncl udi ng distributed control oef mem devices._on nory_nmodul es, | .
descr beq. The EiRSEEM S nbohtiGRemRt ol ot S e TP EnaBit FONET devi ce
on each nepgde¥s MMEbey i DRAM) Sﬁ(@&@l@inIhuﬁiiﬂ?@DRMﬂie@n@@nh{dddl@r
comuni cates with the system nenory controll er over a system nenory bus and
with the i geRirpHasl menory devi ces at the nodule | evel. The system nenory
bus may be a lo incaung, _hi L1pl d..or. i pl exed
bus. The nennryﬁr%‘{dglf’egtho%ltorc gﬁgﬁﬁé@?@g%&g&éﬁe&&ﬁ?% %tgécggﬁyé%‘dual
menory devaeess anehon SRANIPYRId fle eatladeyg adePRAM phenedy shgdales | ines. As
the system nenory controller communicates directly with only the nenory
nodul e conf?TPHEE, the | oading on the system menory bus may be reduced and
the size of the j V. Ny y§t al so be
reduced. The neme?r]rogu?eéﬁoc%n lrragﬁrgrosfoogl@eéﬁﬁgﬁgrﬂ%me{rgéh?{él%@t he
interface heimesnnidiuleyisichdingrohyneohtileimhemoapdnblald aonbtisgl menory
devi ces on the npodul es. ThLPlsé architecture decoupl es the f . nG5 ~...,,
c~ .~ WD 99/ 302FEnrpErisashipckFtiggram of wng pnbadimeent fiedBEMATYm t he syst em
menory bus & ya I : i I r the
i ndependent evlélr&ggné?}%?gfIpt?ﬁg{err%?rg‘#r%/&get\b%g%%c r%gpgeﬁb ort&gxarrpl e, the
menory devireesorypube = devel oped to be faster, wider, to operate at
di fferent operatijng supply voltages, or to gperate with reduced voltage
Hewshastoh of

swings than if hﬁé‘rﬁén‘érfy wshas ¢ emhaddmeny Mﬁ?‘@éﬁi ng with the
SySt em Menh Qe 2ine HifmBETRIN DU GOTRY F3YB,ld & Ovn memory addr ess

|l i nes, contr 't nes, “and data | tween the nmefory nodul e controller
and t he indivi diguregfoisya dieck cBsgrahhef sngreahbddimesntfadrthe hmemory

poi nt -t o- poi nf ,or bus conré)gzctio‘rzll;ésj mag ge significaptly shorter than the
system i nt REORFONep 94 dd8ect CPIPleE e LEBHUFPHRAEr S/ SEFaTBRROT hi s may
all ow for pgguced | oading) better control of capacitance on the address and
data lines, and nmay increase the maxi num operating frequency of the nodule
whi | e reduci ng pigvee ldriawnfloy dhaet sf/eneambaddimenonbthe promeer may be

further reduced b itting DLLs from,the jndivi | menory devices. A DLL
my bo. i nolIRETGRER B EE HERERY MHOULF SOBBAIFEIT SrEvE Moqui red f o
interfacing wthidiie 12VistePlodR MEYrabtisf ofib @iiSoBmieht df Rl A@lnstyagr am of one
enbodi ment of the present invention. System 300 includes procéssor 302,

syst em nenBradwennebiding Boemendmashde wontrdlles SnBok cangl SBIRAMr ocessor 302
comuni catgs with system nenmory controller A Processqr 302 may be any
control Togrttst i BpPLuRaneToF R Rt Ak QaeRd i pre . PLARChnd ot her
mermory transact Fgiifretd i§)sA6W dRIFPHY of®BiHIdifIen80f a rOXE teARSHTRIBA Y

controll er 304 comuni cates the nenory transactions to nenory nodul e

control | er implanemgd3ae the memery mastile songobleand Figere t4spectivel y, via
system menory byg, 3234 RV SRABHER XintRg didktSh ot0fe TBYd RFaddEloR! 2 chip

set
implemented by the memory module controller of Figure 12;

Figure 15 is a flow chart of one embodiment of a write transaction
implemented by the memory module controller of Figure 12;
Figure 16 is an exemplary timing diagram of the write transaction

implemented by the memory module controller of Figure 12;
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for a personal conputer, for exanple, or it may be other independent | ogic.
Menory noduv@9980B0and 308 nmay be SI MVs, DI MVs, RI MMTM nodul BST/USS 23m8
. other type of nenory nodul es. Each nmenory nodul e i ncludes a nenory nodul e
controller and one or nore nenory devices. For exanple, nenory nodul e 306
i ncl udes nmenory > r n@ﬁ n;g*{:g L - 31~, and
menory nodul e 30%@%?33%2}1%%@3%9 ggl, X ~§X9ﬂa&{;‘:%§ﬁ%%c§?%b2-l 0
PCTI US98h5 ligdip leadktrited dgntheainesrorg Iiicdntk cantesljerdsfvFigase 31'&5&2%)21 The nenory
nodul e contr ol I.fgr rr&y bg segarate integrated circuits fromthe nenory
devi ces. WiPdi ?/‘itp 0§66 3%l lustrated as including two menory nodul es,
any nunber of ne Vi Ry be placed
on one side of thl wn%ggﬁgej%ﬁo%rf b tlﬁleys%{ggggg;[ ﬁ?%éﬁ?’g% g%ﬁ%&rl %‘lhey may be
stacked on mopleoferded fpyotheemenitirg moduleecordyolddrsaf Figuae ARlusinghi p nodul e.
For one enbodiment, a nenory nodul e may have an approxi mate hei ght 350 of
from1l to FPHEE% ,PrachfOEﬁ approxi mate length 352 of from4 to 6 inches.
Menory nodudigsnlAR RMOF IEPE ONWRINITE@Ne NMenory transactions with system
menory controller 4 via system nenory bus 323. System nmenory bus 323 may
be a | ow pin coulne(emlpodimgpraxihearresentlidventies indddes 9, syststra thati hesnt r ol
signal |ines us operating .at,.a high frequency., For_one enbodi nent, system
menory bus %é%aﬁg‘y pePat gg%ttrolée:r P &eW@V%d'V @éﬂf’gi Wﬁ?é??“?&br?%d%’ﬁo MHz .
Qther frequeRRicRS dTBYerRraRMulSESheBIIEERBLY UG B3syshéthUtemary
command/ address bus 324 and a data bus 328." Conmand/ @ddress bus” 324 may
ti me-mul ti plosstraliamandds pinerl By esemiony slaviaes @oupledotre thr memaryof t he
signal lines. ,The d and address bus 324 may al so be split into
separate COWSH(!F éﬁ’g%%f'ess buses as in SDRAMs System nenory bus 323 may
optional l'y incl uQehdtl slijkctbuieaBads  1ad aRNnGEES Wi ORE pPéseRPIR eritRpkwallgnal s
on the sane or separate signal |ines, and handshaki hg bus 326 that nmay
carry a harfsapRaTegt S1Qynahe pecampanyins: rawiegdrpd doomrtbe|dataibal and nenory
nodul e CO”tJé%lcl-ig)rt'%thQt%@ %;6. The handshaki ng signal nmay be generated by
system nmenory ¢c ALrol 1er - 30 , for exanple, at the start of a nenory request
packet or VRETAILEDSDESGRSPTIDINNG valid data on data bus 328. The
handshaki ng signal may be generated. by menpry nodule controllers 310 and
316 when they ar® rﬁﬁmﬂruisafat%p%luw&dﬁéabeéde@prﬁyolsgfsmém%rﬁﬁwces

controller n J g@srr?]ry bus 323
may be corrpog??% rﬁo%&rﬁot gs gzgg%%%ﬁfmﬁggﬁg%ggﬁgﬁ%,ﬁ?ﬁéﬁ%e t hat i ncl udes
16 or 18 dahamturtsmodubtisolzBliendevize dgroescte haekosi gralde om theisysizzdy. and

command and _address ., 5 E "~ ~~""~w 99 ~0~a0 ~crns9s~si s~ i nformation
on bus 324 MHeRIBERY SMeaescandrolian ORRBBUFAIEh WiHRINE SHSIGM FRATBIDS

appr oxi mat %o%é&%r'\é%remﬁltbﬁgné b4 ANATARAD ih@hgd@ll HRnldhy800 MI/s.
For this enbodi nent, system nmenory controller 304 may be any contyroller
that may beleahites atothienpbdmntevehe T e sgsterRarems-bugpmatydeod 1dwrpimenor y
transactions on system nmenory bys 323, Additionally, system nenory bus 323
may use Ramtsﬁéi}iﬁﬁﬂaefﬂ%éf‘gﬂt%ﬁd PpAepHutip E‘@%‘ié@%iﬁ%f*&m@ "on the
bus. For al hgHNH ic¥RtrBNEPFARRbHMARNaR N8 P e Al iARR RBRR) &elighal | ng

| evel s may be used including TTL, CMOS, GIL, SSTL, CIT or other signaling

| evel s. Foroverovivar, bnvberdfraguencys ermunltipiexed 28gmady lines.ores tdersystm pur pose
bus that carries tinme-nultiplexed address,, data, gnd,control infqrpation.
For exanpl €8¢ %@%Z@W%‘éﬁﬁ%%ﬁﬁlﬁl‘@“ﬁj qrﬂy AcaFFeny rﬁﬂg“g’gse
RambusT"  arhiti bl @8- lok@ingt Hi¢ $ike SPAOHN ARRICTy BSThaINHEERELYed QRH! @kl er 304
may be any controller that may be able to |rrp?,errent hese protocols for
nmenory trarszeef thebos dsiverein HegreyStenumesEgy ®yétodler majbelpothes 323 nmay by
physi cal |y r@d%%gg on a printed circuit board (PCB) that includes system
menory control'T"ér' 304 and interconnection slots for nodul es 306 and 308 as

shown in Fi gure Bhe fhdrabhainodhle, coiitedI RN dre ety mrisoB82sothile be tiiout ed
t hrough separate channels of nenory nodul es 306 and 308 such as channel s

402, 404, 4oterizgribetoseastienyiptemmempay eontroliersng edarevidsat rol lers 310 -
and 316 Opgrﬁ@%r{ibrgsd@i%&ggﬁ éf??tg‘({:\g(?ﬂléythqgnapmrduxjg%ec%aaiesttIE@t operates in

one protoc ormat,
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or menory nodul e buses (e.g., lines 330, 332, and 334-337) that opergt5e“'|"r'1 b

a second di WogPEpR40protocol or format. Each nenory nodul e i nECHAE8S/E3$, r ol

. logic necessary to interpret the nenory transacti on on system nenory bus

323 and translate that transaction into the appropriate control, address,

and data si rmd g&fga,r- iC epesle L larly,

the nmenory mﬁﬁﬁs&fﬂ’fﬁ% et tléﬁg%rrgllrrr‘ot?% %‘}g%}rg:rg“ onéybodr;@?ﬁgquggﬁe%? menory

nmodul e bus nmamotheoftophert Thiguinagdalicoy tioatkeiindependarandaciopmenbof he

system nenory controller 304 .via system nmenor us 323. -s . G5 ~'.:;:

2200 ooadk A 15ksh fod oo RlnERy eRaRIS BEirracrE it Ba0 816 my

al so i ncl udgegélopud ith Herfasessalder! © O M dffdresNopRatiak 19f dynamic

menory devices, prefetch operations, error correction functions that may

use, for exanprges, orEoOpsrate, withrredneed aplthgatsivings thayy ift the memury bus 323

is a current, bu erial. sence detect ci.rcyjptr a DLL circui ower
nmanagenent gleylcc?lf t@grfﬁdal{&{%@yg%xﬁmu%ﬁewglév lélilgbﬁ %’Ftézﬁélrge%’lp%lc(% Ogﬁfibl e
signals for the TREGhYmdeYirR6Guler mAkMAVEEItOLREK nAWBFy daWReds! Kifdl, t's,
program and erasi ng vol tages for nonvolatile menory cCircuits, and/or

| evel i zi ng €PRiEal tings, tamdyeater Hres Betyrrensthenmeyrarynmesibe gontrolleeandn t he

[ [ ' [ | ock d in.
menory bus. sl AT RRbly Ayl S ReRal 1B bR bR e

merory tranbasicbansctivrishmay benEpnificantid whereenthanlthersyyiean addr ess, dat a,
and control signals. Menory transactions are those transactions that are
appr opr i at e HEFCORACHIIPR PAises UspAUR copxenangk memewyr systamst el hisnaayenor'y
transaction Vel iqt . . » 11 RO 0 reset,
erase, and ? Hér&l %Okggém%ﬁﬁrr%uh{egégégﬁﬁ%rgﬁg%(%ar%ﬁe‘& (régythgo%miffﬁ'ﬁ?sca de menory
addr esses t dateeliney adevinagsindiedsd the wiaxisiugndperatheg fAdleneprdfthk

nabl e signals, wite enable signals, RAS, CAS,

information (e, g., chip )
out put enabf’éodéﬁﬁr’f‘équze, TEYUCINE POLVEL GARIN PY e ssstzm-aﬁdicgaeaawapower

poi nt -t opoi i - : t I | 5.4 32, and
334- 337 rrayHtagp gﬂgggﬁéﬁo@e&giﬁgﬁgﬁﬂlﬁﬁgmgsgﬁgﬁP%E%g l%@%ﬁzrﬁg&gg may be
buses that dewrest A DLAl mafyobe impuded wdehincde Béhatymotalgeaupsiiafif menory
devices (e.g., .t at. a tinme), o hey may be poipt-to-point connections to
menor y nndu?%q%t')%ﬁ)f‘b’l Hné‘?rtf%‘:iﬁé "Sﬁtfﬁt}‘%ﬁ???“%w&%gﬂﬁl e 308 may communicate
i or a1 on vi . LI T O R o o N P Sonnect | ons
341- 344. EactvenftionheSwitgmab0Q imét’sdeﬁﬁr;ocﬁgﬂb,r 3 sgdten84dermayy bentwoBeor nore
signal line For, one enbodi,nent, .t he r of si | lines, 334-337 may be
The same as SPHANALMBEISTSTROr G 306 Ho alfr Pragrsast 101 GPmegaRisaichetibhy bus
323. For angdiem ﬁ@ﬁﬁﬁkﬁﬁ?nolkh%wuw&es%r SODRAly bd BEY c%%ﬂro$¥80gai%y be

collectively greater t he number of signal |i'nes carrying ta from-9
,.,~, C Lc. Buistoprotessor'th@ GyngOIrdoR4s WiiE-s@ad, and otlsrsiremonynor y

controller 304 tq.nmenory nodul e controller o) stem menory b 323.
This may i nir@gggcgqu?etob%ﬁmgq\ﬁanry t4PR zl[eé%gan&%%/mdﬂemynﬁfﬁﬁfcyﬁﬁodul e.
For exanpl e304¥shBAUARARISYtHRUfedZtyBYnSREoNs 1H SRbfy Sddlige icBnRallald el on

bus 328 and _nenory nodul e control |l ér 310 may sinultanéously provide 16 data
signal s to 8h¢RAndf3lamfgngmesyinedulss 308 apd %&aagectmelydmaswgmm dth may

(o0 16 brtereiSaas® 7 i RmbiePlo SRRVSIRL 20U B4 b Rl OF e Be

si gnal on bésr 3perdonalresmipyiteio b esampl, 313t i bé dtiterl iadRpehd&itUpizy t han
that running on system nmenpry bus 323. For one_ enbodinent, the clock

frequency on bus OHARINqsHED PO RN AR08 Pag e SIMYBE, RIMMsoRIMMPhI e, when
the f i | | 22-] i 100 t
200 wo - Thiledliel 3 SAP Bt SRR o MeMARE fnBllEIGE T RRBLGY ARG 10 1O
doubl e- punpéttlutiéat memopgrrhodnieatorateslicrnar(® oge, or Ade dabmbrprdedads. cl ock

edge. By having | ocal address, control, and data |ines on the nepor
modul es” whi ERT EXAMPAROBEMAT Y FOAULS 3P Ardludes smempRe nw#gherpqsftrqllfééo
signal s may t nﬁ%?t : i ng of
t hese IinesaﬂgjﬁggHgggﬁgg SS%E$§§%%?dd?Et e §§§F§%?§g%gggﬁd§%%%?hgaﬁoading
may be nore accurately controlled between the different lines so as to nore
cl osely achieve symmetric | oadi ng betweerb-the signals |lines. For exanple,
the | oading on the data |lines and the address and control |ines may have
approximately the same |oading (e.g., approximately 10 to 40 pF) plus or

m nus approxi mately 10 percent. This may advantageously decrease the anount
of power drawn by the nodul e and i ncrease the maxi mum operating frequency
of the nodule for a given nenory transaction. Additionally, by decoupling
the nenory devices fromsystem nenory bus 323 and system nenory controller

- PNA PN SN A o PNA ™ NSNS o o o,



UJ Jdow Lol
-10 G5 FE~"."'": ~4""~ WD 99/30Z-10 PC TNS98! Z 5181 or ~.0 volts. This may

al so oper atWoPy3eder ease the amount of power drawn by the moRGl’ES¥Ad % hus

by system 300. Additionally, the voltage swing of the signals on |ines 330,

332, and 334-337 may be advant ageously chosen to ~ be small (e.g.,

appr oxi nat efnpdild céRtradller B0 taY remfol tdelicdseSIeERMOoTRE Hémwey byodeleor y
devi ces 312-315. Power may be further reduced for each nenory device and

for the systasWreliera mobe spRarte imegratsd eyt deomothiermemoag glevigesh syst em
menory bus V- Lpel ud RN [renmr Egg oller 310
r at her than%grgh%% e%“}rpoo?% lgggﬁré%g %Slglgé%hgstwrry havér eehguﬁgsz%%’;d in

convent i onahulpet efimnerhoty anaties neaybbeliugedt Trrdtheassyl dadses3dly teont r ol

lines 332, and [or data Iié}ce}ﬁ6334- 337 may be conbined into a

ti Te- mul ti pP ﬁ%%l OB RN SGSI SRORels. RBASHY Sirss Alehegnodales apddontht y
modul e contggl 6 stddied En%gravgrayh %?Nér@%é&%&&?ﬂ}ﬂg%@;&%&@%ﬁgoany

type of volatile or nonvolatile nenory devices such-a nous
DRAMS ( SDRANMbYuld=a$br RageervbdeirbeMyE ERMrPRANE e enxdyehded adat a out DRANVS

(EDO DRAMS), Rambus "' devjces), synchronous. or asynchronous
static r and?i?ﬁré?ébr@%?q?éga §3$ gﬁ%‘i\r%m dei¥; }cé%ci‘else%%géﬁl %PRFQHBPVQ? devi ces,
pr ogr ammabl £5°ROM L RROV), 6q§l¥j1é‘5es, erasabl e PROV5 (EPROMVE), electrically

erasabl e PROVS (EEPROMs), flash menory devices, and the |ike. Each menory
modul e may i ncl udlerdbrfyf evoeihutles §Hkandf3 Ifecmmsnwevdte anemioy tearsapliens menor y

nodul e 306 may incl ude SDRANs g_n?] r‘rﬁbr%r‘)/ nodul e 308 ma% ig,g uge EDO DRANS,
or nenory nf§ I%'S%B REFATREPRHE RbAVOIVaR PY ECHeMERP WV Tes . attPtfihor y
modul e 308 ﬁ@%dr?cddédﬁlyﬂla?ttﬂe'ﬁlm%)éogﬁé’{e@%fsa?gf&%%téy'llg t9 38! ock diagram

of menory nodul e"500 that I's one enbodi nen nory nmodul e 306 confi gured
as a DRAM rastdregs, dadaiked dundidl sis@d lines) bukesp®RANE e rohighnfoelemcgorftorol | er

510 that provide n interface betwee devi ces  512-515 and system
menory bus %?”‘%ﬁﬁ%ﬁ%h&?ﬁteﬁ%g‘uﬁ%%yoﬁﬁw E?a%ﬁﬁertaf%ﬁéﬁgfe@é‘e ¥y
transact i ongppesahy Ry DO SHE MH: MEIBeY fRUseRdss al BeNssRt SpstéRAM menory
dperations (e.g. wite, read, prefetch, refresh) including addresses -11

G WO 991 302nenapy husSys| ipshgies grecamvands addeess bas 3d4tandsa gatal usoie&dat a

| i nes 523-526, and,control,si | s_.such_ as ite enabl e VE on.li 518, RAS
on 11 ne. 5200 O EReRt h8 328 Mol Enl ot R R T P S0 may
al so provi deafeedafidRRal ofR@BE MRbre ofit@NdkAal RnéRAVhe TbhdRd ianell adlings cl ock
signal s for synchronous operation (i.e., for SDRAMS), nenory bank sel ect

si gnal s) ankHOP24niay ajep BetspHt intRisgparreicemsnemarsd adRaRssHRURSE B iddul e

controller lis0 n refr 0, d ef. C n nd/ or
over _managinbAt S ornan T S 1B Cropg B RRGARIERIS I of
menory noduthat 64y tdey dre eneoceskdknigtalo bnnbesandodsdearaetigealf i gured as
an SRAM nenpry nodul e. Mdul e 60Q_i ncl udes SRAM nmenory nodul e controll er

610 that préRisdegddirndeiakimecbuna2ueaat BRARTY? fa8deNaKIBESIERE syst em

menory bus t4nQl

transacti ontg&glgggwﬁ %%ﬁsdﬁ@%%ﬁ.g%g%&béu@ ggéqu%ﬁgb;dn@% gtg Sg% gEFAEK/I menory
operations Y6 #nd 316. Tee haraidhakiegedignglomay bdoyenerated|bydsysgeraddemsses on
address bus 616, data ?i gnals on data |lines 623-626, and control\"éilgnal S
such as chi {PrYElEEt306r IRt RrRpiSHPEINEESIBH 9fi henaa@ry TRGUeE! BHASE 8T WO'SDh | i ne

620, and ou [: | . r ; 10 may
al so provi 3‘%%&3?‘??‘2%2}802%‘5? ;&%Itgélggdnag S ts??m%ﬂ%%‘-a& iglgt‘kﬁg\la g cl ock
si gnal s forbesgendnatabby mpewoay inood ulewostratiens Bb) asd giélwhen theyr anept

signals, reset .signal,s ite and read signals (e.qg., for
First-in-fiPOVIgHE FIEbIaER FRaro oo Fy Siafugemuy Srireiice 308 o damipt o

si gnal s) angi/gor expansion signals. Figure 7 is a block diagramof nmenory
nmodul e 700 that is one enbodi ment of nenory nodul e 307 configured as an

nonvol atil e menoFgr anelgmodibumt.esyBeOM imeingde duscBonay ibeecompasible modul e '
controller 710 that.proyides an,interf.ace between naonvolati.le, deyices

712- 715 andwél,\(/?‘s?‘é’?#ﬁgﬁto%r‘%d‘é 3545 a_l%lﬁ\%?‘é eiﬁth@%%ﬁgs PR BT er 710
transl ates @RBRE32BI A6 A¢ trhORSCIHEE Sighals bri Bl SP3! 1A EBARAINDEEd 343 résnd
generates nonvol atile nenory operations (e.g., wite or program read,

reset, power down, erase, etc.) including addresses on address bus 716,

data signals on data |ines @Q@3-726, and tontrol signals such as chip sel ect
or chip enable CE -12



. G g i '&b\?é‘ﬂz
~ ! (:~.,; L- ;L WD 991 302-t0 PCT/ US98f 25181 on line 71S, wite enabl’e" )

on line 720Y08%U3438} enable on line 722, and a progranmi ng vo’fchéE;?s’aﬁ'SI‘i ne

. 728. Nonvolatile menory nodul e controller 710 nmay al so provi de additional

control signals to nonvolatile nmenory = devices 712-71~ including clock

signal s f oringymeétiomonso 824t IThe,cléik signeBor Qhissérgbadisneritesat, wingmal s)

power managenent signals, or aqther signals or commands. Wth reference

again to Fi @éﬁ%@%@?%ﬁ@ﬁi%#@?%@@rﬁm@ﬂ%ra dale FAPERHONyratdalie to

cont rol | er sggdlrand FRGHBYERMIMENE Al Sred? nllinBHY OMIBRL: Hs lg{agtb%cﬂ as

previously nentioned. In general, these protocol's may be nultipl exed such

t hat some oforaidllerfthhhenmgdte edbde t@ impiavhentathed Daatr Rafmbust pootocs! &ant over

t he same bus |ines of s?/,stem nenoqr_!%{ bus 323. A‘I,)tﬁernatiyer{ax, t he protocols

may be demfEMSTEENSISHSRBRA IS teNJurR oy s PheAdditiendlingriteled over a

separate d . 1 t e

prot ocol i ?h%unﬁ*?pt{%g or&S‘Z%ulﬁgﬁlgﬁg%%glérhgtgpgl?éggp) ﬁaé}cﬁ{ﬁrﬁ%“%g coupl ed

or decoupl edansfhaedian theheupr Fooadtermaivebembodphentsj iny beheytytpernfnenor y

controller sends jts nenpry transactions tqQ syste I u 2 a
first poi nt*RRFOPFIRE® BWH‘QBQ%&SY S Ry 8&;&38@*%@&‘&3%%@&@@ gﬁiﬂi r ead
transacti or@mrora@th@galgwl ®als, signal at a second point intinme (i.e., a
ti med response). The protocol nay be decoupl ed by using a handshaki ng or

val i d signal to Fordirgather eimdostimnent,ofystermdums 323t may daadricogermaral puipabecat e
when valid datg is transmtted.to syst menpry bus 323 by ,system nenory
control | er 3548 AENDY %mﬁquﬁ%ﬁ?ﬁr%ﬁ?ﬁ% %{é ?ﬂf?,?%t.rogr"ga?@ago?s a bi ock
di agram of pFE@EnpRIN Re@Ond 823 maﬁ@@gérhghtibﬁe NG CHRALERNnPBagemory

modul e controller 310 'using a tine multiplexed protocol. One enbodi nent of
a time nul tRanbuel" pratitestiresnyfdrethehe eBrwsl i preh t Corystemn enemRayrbus T~
protocol s. O her,, prot.ocol s. may be also be used, It ~~ill also b

appr eci at eacom%ﬁlleﬁgg%rrya@&u?%y E%Wtr?@ﬁ Q\ﬂtw Pg a&ﬁ'ﬁ P HﬂBFeérl’ﬁfH_ch‘ﬁ%$t of a
menory modub@seint te htimoit hahs&itiRdi dresfste®metct) e 3mmed without
departing fromthe spirit and scope of the present invention. -13 Ii ;D
~ . i~~ L~ L Syoteo/mendoy pesrizdsazydy Wasicallynpldcdon anprintedetir@in

i nterfaces bet A that _inglu qne or nore cl ock
signal Ii nebsoaé ; ﬁﬁ?‘éﬁfsﬁaﬁfﬁﬁgﬁ%ﬁ%ﬁgﬁé%ﬂ3‘09&13??1555.5%ﬁaﬁ y include a valid
si gnal 828.infdteohneniacsloenfdusmoldbes 306a0e8s ak spBPOFEFuge Bhat may carry
address, data, and control information for a nenory transaction. Valid

si gnal 828 flewrdively. s IRBERAK DG BB gnay detteatedriiropghseparater a
decoupl ed p t.ndi c t §Ctd 0 r to

i ndi cate \/\h%‘%h\?‘g% (?jli@.‘aehaﬂ)q b’sﬁtﬁ(ragi%m&o%&g F’ géngggggg%%ﬁéglggé?’ @él’ igglg’si gnal
828 may be aruhi0®usdhawd igeFiguae ¢d by handshake |ogic 806 under the control

of control logic 802. Valid signal 828 may be omitted for a coupl ed
protocol . Menor yMegRIVeTearls 6P1Epligra@181aad 311 epsrateas MridBenBABYSE devi ces

on a rrermry%gngl i Bel Qv di I i I '

addr ess si gs al's é'g%&\%g%rl# rs gﬁég%ﬁﬁ%&?ﬁg,lg\gﬁg %%ttgcogiogﬁéfébg%%é l%?%lck

si gnal 830 aoramebeorgmbtett bosesaeygiclmes3ils 382 rmrd/33LI3Habat dpematey/imadul e
control |l er 800 iggnges reguecﬁt hﬁandl in Iggi c 804 for int elrf cing with
transact i orre6R8d eHE TR RIOSP HAAHOTRG %@f TREM ORI Hieleuas uRes SPREIY! zi ng
| ogi ¢ that t R Bsth :

i nformati on1 ¥Co§i€ eE(’j ﬁtotl?lZ% a(%% iH(E)Hn bus %2@%%&“8?8‘5? s}zﬁ%rﬁ@gng?gﬁoaﬁss to
control | ogi23 802D tranalate test 8885ac8i40, iIntmntheBd@propespe contrel, yaddressuesd
handl i ng | ogi,c 804 al so include.serial,jizing |ogic that _may serjalize
Control, adthesiBnaladonds ARGV Havics Uh e Menansmogsle. Simtiang, the
respect i vel pen{dHOmdduild®nitbifleP t X @tk R6F) @hnQhctiirBNGH $hd odag ofr ovi ded to
transaction bus 826. Control logic 802 is the intelligence of nenory nodul e
control | er B@ojoranmiogatebus a5t Hee dppraspreqairedctontramsmitatidrtearsactaon tdat a
signal s fortht hse nor y mr)ducb%trrﬁ‘flmrﬁﬂe\/isc s in response the signals
recei ved from ryég%gsT RENAIG ng géi ¢80y gghn‘f?éﬂ%ryy Wodti'e controller
device in each nodul e may have different control |ogic that nay be

i npl enent a specific translation between the signal types and protocol on
the system nenory bus and the specific nmenory signals and protocol expected
by the nenory devices on the nenory nodut®e. For exanpl e, control |ogic 802
may provide the appropriate address signals to address interface circuit
818 via -14



: L IRNEY
L "~1.".:;~~ E~"L WD 9913020 PCT/tJS98Il 25181 |ines 844, the appropriate
control sigMalog38280 control interface circuit 820 via lines 8%6‘? W te

. appropriate data signals to data I/Ocircuitry 822 via |lines 848. The

interface circuits may include buffers and register elements to ~ drive

address 832, nemMpeihdrPnhbalilstatadbser83A0 amad3 thiray8abo idd1tigs faeaitey rcuits

818, 820, and 822 may be clocked by a clock signal generated by clock

gener at or SIE¥esWPdR RESHETATreNed1 opamyicassy Pimamigenemerpslevitegnal to

control |ogic L0 Cl tfer WhL ¢h ive clock signal 830 .

and/ or cl og%reéeﬁtgﬁlo%gs?tg(ﬁ% '§ ?fcgg @%ﬁ@@h@g&é@k gl'rllat;??l ﬁﬁﬂl[@sre y?orFD%f‘ual%éPFéd ock

gener at or SOCrHs, genenatslidaciok i bgemhsmemore $REIBIS i¢ @ cidraek HBid4 provi ded
fromsystem nenory bus 823. CLK 830 may bhe a different frequency than clock

824. Menor yeRad Bresesshcetact SHCsBty 6y Déiocdr@vg@ ROMAT JPAARE TR FALHEY

i ncl ude a f > iyl de I Ltoct R@gﬁ r alters

cl ock 824 &?Bpg}?%tgéﬁmﬁgé Cg%gc é’gﬂ%@?&%ﬂﬁ {ﬁa%.lé %{%lrsy#aﬁggg e cgrt roll er

800 may al sdevicssl ardpravigewthempowgedowri tir8iiss, pragraniaddrerhsiegoasitages of

control Iogfi c 802, rray enabl e or di sablz CLq%CE generator 810. This may, in

turn, enabl'@F SOTYPRIHE dMETOEK BrsY sy 28d £PTotaYeHRM @TSHibNalC §eRRfRtfed to the

menory devig ;rgqaémr I hﬁﬁ h ed by the
menory devisggxzz.ﬂg%gas ry m%ﬁ@qg(%s%ﬁgrt}lgoﬁgggghef@ﬁg d|gnc uggtfrefresh

| ogi ¢ 814 ahdrepisemetrethirgne Bdck dbngém ohheyseamtmernoof basr32Bhl | ogi ¢ 802,
refresh logic 8]€Fma send refresh cl_gqntrol sig&%%o menory devices on a
menory nodul e vi ECORERRTY AFYEF KRG FERRTYBIPI U EPBMRGRES802 may
generate thﬁefrﬁir?@?i’hﬁgmgﬁé‘@vi@ﬁ i3 mERRIrPRhbaLR &ddtkolle?!vih ladr¥sJeRgLat e a

refresh command in response to a refresh command sent over transaction bus
826 from systenomeabsignalsnt Miemay t3adsachpr$ etethdsedransgtZomathatinreler t he

control of control |ogic 802, pr.efetch age of ta fro nory devi ces
(e.qg., DRAI\ﬂPd’é'\(?Pélégeﬁ Pogrﬁfc P& Y TREHPEY g‘?@ﬁgdﬁagt g%fﬁf(aw e"niﬁemam)_r y read
transacti 0r}§errM?§’FlF%s!3‘@QHh§ @Iﬂc@dla@m&@%é&w réHééH)?{re!e@é}{,Lﬁiﬁvé:er' al
presence detect Circuitry, ECC circuitry, current calibration circuitry,

and ot her clowni rasgt teinage, ang the likevoliendnyomodintehdls, forcexarsplemmashor y

controller or fromthe mam)r)édg%gi ce; to redu%e thesfp_gﬁéevxi t?/ of {Lhe

desi gns of THREEMUEE MEPOTY ANFH67 3D 24T POTFEEE8>~"“ 5181 'HaEY. "iPs may
reduce the 33gnBehtref irfbAsiadiBnt (8. SotEp @MaBRMEIBNa O [t0lehngble dipAMIsERASIhoes a
flow chart that illustrates one enbodi nent of the °~ operation of nenory
nodul e cont&H61 ertpBUEnRble fignels, gid YiasdgnaldineadBRomrd dekevigr peiBsdomay be a
pi pelined pro i npl-8nE single. LOLESS. Al

appr eci at ed qlﬁgggnrrrg%lrpg@ n%mﬁgﬁoa%p rdcfﬂﬁ(%%l%ffgqﬁ‘aeg3p§e{r°f‘%‘f ?ﬁl‘%"% §%?§ay
functions hesodesr nicaesighalngnest i Signalnthdse3sd atrrcamﬁta'P'(HbSbvbsﬁswhen a system
menory controller and nenory devices on_a_nenory nodule. The process starts
at step 90Zonmeckipll dpur MEIRBFY ARVET el Skt rio §TOHPBOD MYRRTY £8ViseHenor y
transaction.req . i b i [olel

deseri al i zgse' ’h§$§tragi%gé%%ﬁorbzatg\t%yg?%%%gd%gg%tdgg%g\ltEgﬁﬂé&%ﬁr@g{g& control,
and data i nhotdid comtroflet B20.t ISimdlacly, omemAty siaiul®@ B85 mantcoahmiungdate 802

i nspects the deserialized information, and get ermnes if, thﬁéér ansaction is
directed t JNEMAFHGAAIEEES de TBEMORE dRYiEF &1¢oRP0rar SEbyinfR mafFy HRIER e
controller ; 1S ARy i I i . ddr ess
ool ved 1 a e S P e e
menory deviXds3ddn Edvh ofethersignaldines. 338f 34t endrdisHdtmay beoneadr mhiorect ed to
a nenory device controlled by nenory nodul e controller 800, the process
returns to L8Bp g’@?' If the transaction is directed to a menory device
controlled by nmepgy yndBRHHRIiLRAL Pl RIMBOOof SI@RRI Rhed 911-83BRZydBE @fign nes
what type of transaction is requested at step 910. If the transaction is a
wite transaoné ontheonmbelr dicigraldor creningtanda foresystam apeimar e busi328.
control signhals . g. ._CS, gtc. t step 9 an ides,these signals
to control Ht# tgggembr\éﬁimené’ﬁ“.e W%mgfléﬁg §%Z‘,a?.i'85? S%‘P’B?%é?acy QSZ t hen

provi des t helwctivelydgleatdrithahethaniiaper 8f Sigdal AnépEdreyingadtatfaony/ O
circuitry 822 and thée address of the selected nenory device to address
interface circuit 818. The wite data nmay be buffered in a wite buffer
(not shown). The data may then be ~~ntte®-into the desired nmenory | ocation
of the selected nenory device. At step 916, an optional acknow edge signal

may be sent back to the system nenory controller after the wite operation
is conpleted. The process then returns to step 902.
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-16 G, ., ~.,.,1 W 99/30240 PCT/ US98/ 25181 If the transaction is 5a“"“ "

read transac¥P830230 control logic 802 then provides the read BdUPe¥&5H! t he
. selected nenory device to address interface circuit. At step 920 control
| ogic 802 generates the appropriate read control signals (e.g., W, CS, OCf
etc.) and prigyicdesnd8se cShaBALS 300 16 RéhBly M EiEasR IfcW1h &20ystdhe data
may then be fead fromthe desired nenory | ocation of the sel ected nenory
devi ce. The meadry&ua 33dy s budy srceepsertha bapdavidtt béthd deta shostey onst or ed

in control lpgic 802 or,registered. At step 922, the read data be .
or ovi ded t o TOGUERDh a1 g o5 GRATRE WHB TEMPL G5 PR mel AR Hay be
franed by otdwes shiads irphidied@h Biey 3EX AP IrfemBry SABIRSE BUMRE: 3A0iKAY I g
this particular read transaction. At _steg 924, ‘the read data nay then be
sent back tsimhéasgeudmpreniste/ledata sighals tarachofshemone daveds B 26318, i s

free or when, all ofthe Levi transact.i,ons ha been.co ted. .For one
enbodi nment eﬁ?\'ﬂss%%l{(éeéqtg&u\é \Agg%hcr)?a% ﬁ(‘ﬁ‘dfzﬁ KX %‘Z.O % br‘@q‘ggjs‘zt tﬁ%{h&ﬁ”ﬁ'ng
| ogic 804, afnys@im heghery8bas 308 (@.ghqs Bittswidd)| bRty inddiudd comirondni t or

the activity on systemnenory bus 823 and indicate to control |ogic 802
when it is tH8muy ﬁUBPWn%ﬁiS)Fi; SHETH 108 Rn?3bla mensag deyieasid 2r31$ thahis alat a

to the syst I Y, r us 3.z The read data
may be sent qgéggﬁ @%rq%ﬁﬁﬁ\glg}&ﬁ% sﬂ?{;tnrg{h@gg Q?‘ni}é?%%gﬁlo}é%% stém 1:Olrh%nepr ocess
then ret ur nenimditremt 2. clbtigirequdicyi 6n dubl330knaly agra@p@iinfmmrso rdod e

e

controller 1000 %hat i s one enbodi ment of nmepory nodule controller 310
using a de Zpfx@ETPPISt a6 therfeequasstiarehe chicksigralan clogk d&red23rist ocol
may be Dire Rawbusdiy, ! 2P\t I Vi e d. It
will also bgtpgppr ecl gtyelciﬁ{%at WI%%%£F§£% tc?fotﬁ?ecg&%oﬁgﬁglsg%ﬁﬁ%/ﬁone
embodi nent  dfusd@2aemBy »lswoekiieublerpumipkdy tha®id)ererforhogh metiba (8RY, l6dd0 be
used without. departing fromthe spirit and scope of the present invention.
Merory moduld@tDRn $N €PCK 8888 nt er f aces bet ween system nenory bus 1023
that includes ongof,WREE6ELICHHESEINRN o NS 4y addr ess
bus OVD ADDR 10287 Ny H8aos 1027 R rrlje?} opt ?g%’d‘?% SRTTBHeABEy 10" & gnal
1028. CMD AnbRitles wifizh araydecanpledbivbin sybderastsusaB, echelergithioffthesat i on for

a nenory transaction., Alternatively, CVD/ ADDR bus -17 . ,h ~ns! G5
e N et Pt S afissT 81 (06 2 T TAEReBphitei B8 1pRAEE
separ at e comn@keamesa&kq?e&esréa&@a-ov\éalthsit 5 %ys@é)ﬁ%é oy haplahaki ng

signal that may be used for a decoupled prot to indicate the start of a
menory transeadtingrmay beonprgipcatretaihenntralled betwaen shqpdidéannt tines saasact i on

bus 1026. V?l id si naIl may. be nonit r.eg anpd %enerat ed b h?ngshak | ogi c
1006 under ERELEPRTY FRARHE FOTMEGHS 103608 DeVarst 1as SIEaRIS BDE. nEYT bo
onm tted for eRaPUd! tBd 105 @IQRCH thdVBHRY MnbPENA 8he QRS £1d dAAP01iSE

interfaces with menory devices on a nmenory nodule (as in Figure 3) by
provi di ng amivbkvepgpeexinggely thadrasslosding(esg.168groximatelp|10stogiiapE) 1023,

and data signa 1036. ock. si.gnal ~ 1030 may-.be omitted for a chr onous
nenory devi %(Lfslé. 8f\/tgnrrltr)iruy':i a%@&éflég%tgﬁi ?’%IPFEﬁﬁni'O 13 @Y Vsaq't%%ﬁ})é’éfyaﬁﬁﬁlafﬁg
| ogi ¢ 1004 fiee abddiaitl sicpogendiiwh N Sia€ a1 B und e feasBaRE asAxiRaNE! | ng

| ogic 1004 may include deserializing |ogic that may separate the

mul ti pl exed OP8FARtING {reAYeREld PésBe MadiladHor ergivenvnemarp iraDyBXY®DR bus 1026

and provi de thes i t . ¢ 1002 via lines 1042 and 1044,

respectively. Re(?‘ucg%l?i Bﬁgﬁ& ?%g%épég?icmgggé mrr%ni}_mé?f QSV'iCﬁ?: ?ﬁ?&% 5¥8‘}%| i zi ng

| ogi ¢ that mmemsey bakidzs anensysmanemantiir@asrdliRt 30MBheatb9Nddvines11848 and

144, respectivel )é into a series of signals to be provided to Cv' | D/ ADDR

bus 1026. MBR8r3L/mrdumay Qnfrei§l frem regdoged @ridifferan pomdssuppln VeHages ng

| ogi ¢ 1046 2=\ i 2 e t ata into

a format ap%}?%%rt i at eﬂ; I&g?a%lcﬁég@n%%%%% e&?é2§8ﬁ3@eg%%’b{r§5nﬁ%dﬂ%@89ﬂd

provi de t he deefees 3424338 aat 317-820Mdrid/ dyuhkbaioryGidd uledordnsleesBO0lafEnt , data -

handl i ng Iogi1 1046 may include deserializing or unpacking logic to perform
i

. . g
the transla MR¥REEALe M BRUFHISEPPHeHAF RBRFQdmgtely 168 Kplty tQddavelts 1027
and a w der ) | iTyga) j t be
stored in Wr“i(}t%(iafgi)hu%‘ fﬁ@ra pt1%))1); untdis%ﬁpﬁf\ ¥%§ggg%ger§§% B}géﬁggggtnggB?eongy?
device via data I/Ocircuitry 1022. A correspondi ng address for the wite
data may be stored in address storage unilf0-1014. For an alternative
enbodi ment, wite buffer 1012 may be omtted. Data handling | ogic 1046 may
al so receive data fromthe nenory devices of a nenory nodule via data I/0O
circuitry 1022 and/or read buffer 1038. Data handling |logic may then
reformat the data into a format expected by the protocol of system nenory
bus 1023. For -18 G51!.".:;d c~~2 WD 99/302.t0 f'CT/US98] ?5181 one
enbodi ment, data handling |logic 1046 may include serializing or



Gy [l &0

packing logic to performthe translation between, for exanple, w der T
(e.qg., 64 bmO9y3oMnory devi ce data bus 1036 and a narrower €€T61598’1%8b| t)

_ data bus 1027. For yet anot her enbodi ment, data handling | ogic may be-

omtted and the formatting of data may be perfornmed by control |ogic 1002.

Control | ogbe5100atd. SThREmhRita@dd dbgraEetPledrRARY thedbLAt éppbfxlé'r'cﬁéwlpoo
and provides the appropriate control, address, and data signals fox the

nmenory nodubs fh@mﬁ}“léé\ﬂdctéélsltﬁ 5549701398 t&)dfﬂll’ﬁ@n@ﬂgnﬁles"@lé’t&ﬂ sethg ebm

request hangdlin gh ul device i.n each .
node may ha\g‘e %Il g%!enn % 5?”1 %I{ggn{ﬁgw"g 8% V%%Fagﬁén?lvc §5§%|t9| C

transl ati onbbethwekfe.g. hemsﬂognahteuw@stoamd violte) QCﬁlrtl@é’t feldierce Yohvedh dived y  bus

and the specific menory signals_and protocol expected by the memory devices

on the nenoby Me@ere depises ekampbe, control |ogic 1002 may provide the

appropri ate addr i i I L i i nes

1048, the approp??gltezrg F?éf‘f}g?g% Foﬁggé%ﬁ?ﬁ%rﬁbwﬂ%&gé%ﬁP@Jﬁpklozo Vi a

| i nes 1050, spendmtdmea a\(imlepv}neatemates wiquivedstot intelddce Wit syisternirhemoiP22 by
controlling w 1012 via I|n 2 and address storage 1014 via

ff
[ Thes 1054 bEbALSol oﬁh& %biverfﬁg; uge oWBgB\/FtFén?Wemé’ﬁip‘rl%ﬁP’i‘HPHe’ééhQroI
signal tor devi ce
on a mmry%gﬁﬁgrﬁéa%{ggw ga%‘g%eas n%l‘idJa %g?ﬁé %8596%%29#%%”6@
circui ts nayonvextimelbsyfstemns. and regi ster el emsnts to drive address 1032,

menory control si.gnals 103 dat a | nt ace circuits 101 1020,
o 1025 ey be” EPD Anatien £ mBti mlpt drans LibRe Sa0epnspl s BeABALPE:

1010. O ockdgaNBh&! 934-392 M e&aelr{zﬁomté% t‘?m%l-rﬂﬁh(t kﬁvegéwlbug Qoﬁgmcr ol 1ogic
1002 and to clock buffers 1 6 whi may drive clock signal 1030 and/ or
cl ock enabl betswgmatrs?rmmyn@m:@s ab?\f?l:esndrmemmymngdnbdmreroltdroﬂo gener at or

1010 t | ock | t | K | db
DLL 1058, “DLL 1038e s PR ERTBon or THarg 07 LR By e WOEE HOrHES from
syst em Menopy np% ol1A8 - méhbry QR idEB%URR & QMMgeﬂfn&erHHﬁﬁm}xN@sn clock

1024. Menory nodul e controll®er 1000 may al so incl ude a power manager unit
1008 that Smﬁén‘vls JhEagtdiagedviode %ﬁMSOGFHM dPRAMK)2extepded alataout di sabl e

-19 ~ 0240 P S t he .cl ck gener at or.
Thi s may, i W‘ﬁ &ng?%?g?% 5@1 @M i%%m VdEGr'(S enabl e si gnal
provi ded t os{ihrBREDE Yor A8V hERSD NGNS & AR JHR e BssSRrefory (SRAMNM Ol pover

di ssipated by these nmenory devices. ' °~ Menory nodul e controll|er 1000 may
optional |y ARgicasereadndy snemernROM @ewgm Rr@aparéamtbéﬁ BRMIr(EROMgi ¢ 1002,

address int t c rator 1010.
Addr ess storaég@g%@iéga%% f’g%?é%ﬁf Sﬁb(rlﬂg Ad 3}11§ rascab? orﬁa@?\qgn that may be
provi ded fr (EERROMIODPRadl Ztemdpnteyices) duldetheolikd. OERel ridiBrymodulet her

i nclude refresh and prefetch logic as illustrated in Figure 8 which

oper at es ti Aer iNchideaHtgrant b»fpeédﬁtmerlnomgiee'mfeoforwwemm%%ont rol | er
1000 may fu i-pgl lg t itry,
current cal Ptr atlf gQSCrIHFQ dﬁ‘fqpldg [P%nglsd gﬁ%@g)h' ﬁ}éawrgtj%avgggnﬁadﬁﬁed from
ei ther the EUXD &RAMDror mentdrgalmedumrsﬂé* nmyt helusderooyvdrvile eserhory educe

the conplexity of t esi gns f these parts.  Thi reduce, t he nunber of
pins on thed §§’§F%ﬁf‘preﬁ’i\§mpf¥dﬁp glq €08 rrmyngiu @L"?f&ﬂ:@ TREPEY dENifes- t hat
illustrates one g{?q_gglgwgr;;bgfcktd}g% Hf%p RIARE ¥o lig gentroller

1000 for wite an ead transacti e pr cess nay be a pipelined
process or Embloelmmlehedfananngy m@dldgéOﬁrm*érgereditasvsi DR AN apepreyi at ed t hat

menory nodul e | I,e rf.orm man functions |des
transl ating v&qc"lcl HdPLQaB&? ﬁ%@ﬁgﬁw @&%W%ﬂ@?@/gﬁ fol I er
and nenory gdeyiiees amneerwcsw@eﬁtmmﬂ RvRIE96E9S 1SR Sy RémStheR 02 At
step 110-i, nenory nodul e controller 1000 receives a nmenory transaction
request on BNBGABDRORAM rogmoramedep conodliedala thm&ild!hESlgmtrogr)c 1004

sroacks,of USRELLFhLeGseh i GOITEAS, B1%.AIE 815 LA QBRI |

i nspects t hendtRBACKSEra@Iond €88 aktez RGd, ﬁbfr@ﬂémi lr@ﬂeﬁﬂdn@'ﬁid@ﬁ@aﬂ%eés&st he
transaction is di'rected to a nenory device in the nodule controlled by
menory nodul e controller 1000. This nay be acconplished by inspecting the
menory address received to see if it corﬂéSponds to an address occupied by
one of the nmenory devices in the nmenory nodule. |If the transaction is not
directed to a nenory -20 dr., ~Y ~L~~



ChJo 2n
* WD 991302. 10 PcT~usssr~s~s~ device controlled by nmenory nodul e controller
1000, the prvooesr+returns to step 1102. If the transaction IBRCUUBBESE] to a

. menory devi-ce controlled by nenory nodul e controller 1000, control |ogic

1002 determ nes what type of transaction is requested at step |1110. If the
transacti onyh §4aredk kg §1%aa§t%041behs &OﬂlétraQLnésCE@ %7%09&1 QSHEBPEx%%aIshe
appropriate wite control i gnal's (e.qg. etc.) at step“11l2 and

provi des t hash as gna gn’ablecbfﬁ polliriend Y, ffhf&% oCi lnm;euoIO B0RI0C AReqmu éisee F22ndl i ng

| ogi c 1004 | so_provi d he Wr ress o addr ora e 10 .
Al ternati vergg'p‘@ rYI’B‘S %%%fﬂ@@f Sﬁg\?‘ad’e ﬂepr\f?n”llf ga dress
interface Célgﬁaabtto mM; 912 8X8MREIEd i1 81 Wsl $:8a 19 ol SinchRoliS not used. At

step 1114, data handling | ogic 1046 accepts ite dat'a from 1027, unpacks
or deseri aloperstiohdi.ew ereSTagtAé\/IS)amlerppowibdektshkecv\mghelsciand/ (0o chup saedeiuf f er

1012. At ste 1116 he. wr i te rovide t he, a riate data
format to d%‘{)?i P/E’(S{a(?tl? E’lﬁntaiz Pg@el %lré'tgloﬁjg&}etcﬂléhog Ip&]’alyp?léﬂ into the
desired rren%! nerhRCRficdR @mindedseprEéRH dRRRANdIEMEor pbwetep 1118, an
opt i onal now edge si gnal ¥ be sent back to the system nenory

control | er mapagempat ﬁPﬂf’éa‘éﬁﬁa %Q%M%Sb%ﬁ%ﬂ eted. The process then returns
to step 1102. lfo%U?e 93&8&8”%}?]? ?n%%é yam?o%mlé gébYt}Eqn%gol | ogi ¢ 1002

generates the appPopri a read Si gna ®CE, etc. ) at
step 1120 agdbpdpnesies) tiweaer Zysm;tmalleaoe @figiekd iaRtaT BRAMGheglory 1020. At

step 1122, control Ig{g‘:c 1002 t hen g}r@g i des the read address of the

sel ected memeeyieieM M gaemery GU@@Ulﬁmtwﬂfé &8t thatmy t hen

be read fro The
read data ngﬂyo'\ﬂcgesb%?ét%%’%@?%&?&éfg%ﬁ%ﬁéﬁ%%%gg@gOre g}% ntro‘?‘gﬁé’gi C
1002, or regisBzy.eGRAN xsﬁeﬁmrgzh%duﬂmeomeaﬁezdal(atm\ylab@ Plegvorged to data
handllng | ogi c 1046 where it Is serialized or packed and na e franed by
other data {rARIAGHPRE refedy e {ERTpISYStean MRemesy b h‘ér@@éraf‘i%ﬂﬁ%%[fl?%

particul ar r A e t tia TBYn hen be sent
back to the&gﬁrgm%é§§%% Rv:?fee gea;dtlgr?hserﬁeﬁgy&%%ﬁs fiee 'Br when all

ot her pr eviaidretseansoaddmss bha\ﬁéébdma stgrglb ehe:da.ta Hoes 626 62fitaodi cartttol

handshake Ioglc 1006 or other | ogi equ andl i ng | ogi 004,
data handl i HEPHSGHEN P6ABIP eBlect Bf cwg?reagbﬂeéff OBﬁlr‘@t r WEi§ <R8R ?ec@"ﬁl

| ogic) may j m ~~'

VO 991302aoq§gé<1:§17% 9‘{8%19 gﬁ%ﬂly dble U, §HE CO7, RN mefory mddRle |°88fr8“ 002
when it is Mﬁbmtagrrmsmpmem;xergddmduhmmmbk sxgheks thEAMs GR6lS treludiag dat a
to the systeim menor ontrocbl_‘l er on bus sc%/b%)g‘m menory bus 1023. Valid read
data may be-I8EhEIEIAIRT DT CPAPTRUS PRREAH TS COP R SOSRAR I NS B The
process theﬂgﬁﬂ%ufe@ét &gngtseh;rhé%d FdadWiendid ( ‘;—}% FoPh Prke-H- AL At FFOEENOr Y
nodul e 1200 Th is on8 enbodi nent of neffory dul'e 306 of Figure 3. Menpry
nodul e | 200d¢&cein pSPRAYhanagRment signaisnby tedersa lépREMatie vndéer £2p4nsion7 and
menory rmdul e control | er 1202. Menory nodul e controller 1202 provides a

bri dge bet v 1§ystem menory bus 1242 using a Direct RanbusT"' protocol
(and coupl ed to B ﬁyet?qmarmaewl b oF hednhoBNthod ARGl Y4 1GE Hnd2D4- 1207.
The Direct Ranbus protocol includes cl ock signals CLK 1228) /CLK 1230
(where the wh@dlmemt of mﬁmamsncsdtsl@rémemﬁnam;edsa@mln)onvaéatde|mﬂ@§r1232
row address_l|i col ugn dre lines |236. The dat i ncl ude
16 signals ’|“i°ﬁ‘“?e ﬂ\ﬁ cehés wganiaﬁﬂaén%mg%ﬁ%?dﬁxl "ilro"ﬂ ga%ﬁh)e

col um addrgss }ﬁﬁylde@C‘drUd'ﬂeﬁaéé pasledr neAvastitedevicbed12-115 faﬁdAgAseme
Information Direct RDRAMI"' 64/ 72-Moit (256Kx16/18x16d) data sheet. For one
enbodi ment , MepRTYdes dxY Npnvalal memery s ule cgoRbsr 610 srmsbtesat el y
400 MHz. O g to

400 M. Xl R RNRRY i 5:BRCURERN REROAOL SN0, BR A0
menory transectolatik mecbr\yedpérraanmsxmoenmieémr rbgl&ni,%ﬂdt eesSORAMBer
1204-1207. For one enbodl ment, SDRANIs 1204-12 may__be 64My SDP~AMs such
as descri be@OVR eFREep?s)iiRFINGINE addressaen aé‘f“‘?%l\h%s 71@!\/5'3@@8@3{ oPBMm
0364164C, n \girber
1997. Clher@%%g%f?é%g 72% gghl?éplﬁlg)gg NE%‘?&P% gh%gﬁcéoc?]??gmﬁ;?hiﬂlgz provi des
first control |nformat| on to SDRAMs 1204 and 1205 over control bus 1238,
and second control information to SDRAMs-12206 and 1207 over control bus
1240. Control bus 1238 may include a clock signal CLK 1208, a clock enable
signal CKE 1209, a wite enable signal WE 1210, a col um address strobe
signal CAS 1211, a row address strobe RAS 1212, and one or chip sel ect
signals CS 1213. Simlarly, ulJ,: ~,. ~alLv. L W 9913020

PCT/ US9S/ 25181 control bus 1240 may include a clock signal CLK 1216, a

cI ock enabl e 5| gnal CKE 1217, a vvr| te enabl e signal VE 1218, a coI um

o o, o o e PANA SN A PNA PN o I N A LS A PN o o o
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menory nodul e controller 1202 to performa read transaction fromone or

nore of SDRANByIBBDA- 1207 after receiving a read request fronPSy8isesriidnory

. bus 1242. FHgure 13 is described with the aid of the exenplary timng-

diagram of Figure 14. It will be appreciated that Figure 14 shows CLK | 228

havi ng appr Qxi C u ~>@f . ..QnRe e I ment,

CLK 1228 nme/ﬁr%g\?e?gyf‘%egéu%n%:b?@gﬁg)glpl%gi?’ﬁ%toe\%ﬁﬁ%g%&gaﬁgéfK’ %gg may

have a freqpeognanohimppobrgesrelizge 726. NNenvélartile rthanoeyrimdd nientsn tralildif er ent

rati os of f uenci es, and/or different frequencies, may he used. Menory
modul e cont %i(ﬁlr%?yi PIRYYAS ﬁﬂa&ffm‘ CPHE"%E%@E% t%pop,&'a{ﬁtge fBEMOIAg t he
cireul try SBeviel 1 IBIBLXCINECHY 80lRQ8: 0l BobirtntOno EObp AR BurllK 1024
corresponds to CLK 1228, CMD/ 10 corresponds to rgw 1234 and col umm
1236, data tO2Ffoksignelsposds signatkapawiez3panasnenNBsigoelss os ponetssignalslda¢ 1208,
address 1032 correagonds to address 1214, nenory control signals 1034

cor responds “P8EBNTT ol bus 1238, and data -23 ~n~ WD 991 30240

PCT/ US98! ' r S181 103K reRkéQePANdS téq=i%@1tea3,lsé,%€emFlﬂém_%tfin%n%mglsmh& ot her
circuitry may be used to inplenent the process of Figure |13. The process
starts at stegmegomodaile spapollgty3¥hand BdmmayeonOmuoidaiteresing dny an

activate conmmand i sen n 123-.i includin evi ce, .bank, and
row addr esgug?%esreqsfe%rt%ééfoﬁr%ﬁ%%\ﬁle‘}lSEa]ts}’i g%gnloﬁefgheln&er%ﬁﬁe ?segﬁ%\%&s _
1204-1207. Maysbepnlidgfexatdichaint sdfeto? d10of tHEad dress] dbatio oMas Hat0gi €
1004 deserializes the conmand and address information and provides this

i nf or mat i oninfer@EHERIE SERgPYer hgxsanm ktp dines @i xystevomemery prsvi2des the row

address to t . ed. S b 4 and/or 4222 .and the
appropri at e%%ﬁﬁggg‘?&vg}ee%ym%&l%ﬁ%%? ﬁfee?i‘z‘|“é’g§’é%dzébﬁlx‘%§“&6‘e¢%86%? rol bus
1238 and/ or wigtehe Bor wnesmirteddovernd segdadisteadyrn Mlsi fabf Abdresaaht \eadherotonmand

i ncludes disabling CAS |ines 1211 and/or 1219 and WE |ines 1210 and/or
121S, and eHHBrIigons YNhesker theapeHare)risimaitipledekas demeliplesed.ahe/ or 1220

at the risi g.cﬁ o) e th r ressi ng
schene prot gg%ﬁ%gggggg'bay %égﬁp%&@oﬁﬁeﬂ.ﬁg?ﬁéytbﬁeﬁ Eﬂw{%réﬁ?gg han t hat
used by thecseplect ¥thSDRANM mdmomctortadéercemanes Sleppdiyedansactionwsaddr ess
lines 1234 may incl ude gqol u,[g} address information for the sel ected SDRAMs.
In this exafPHem FRMOTY AUSmMTatid BEY RORbivametndaxress theresrestedaddr ess
storage uni O L ! C j of tion is
i ssued to tﬁggasgf\ggggééés%%%& %{gﬁggtég%ﬂ%ggna% rc}%ggtﬁﬁg@?f taggf?me t6, a
read comrandedoidspointon tooé (inn, & itinesd 1&PGnsdheThe pdotoooimmag bencl udes

devi ce, banéie%an | uim addr es formation for the desired read. .l ocation

[
in the sel effE)H usiag ash PSR VE RO RO ieate festars Of Pequest
handl i ng | ogh&ndPP&afeReindbt &8 hdiBseGREL Q'Qma%'@raws%hgﬁsto?ﬁ‘s&m
information to control logic 1002. Control logic 1002 then provides the
col um addr essnandbuhd2? by ystamenemooy chatretlee 30 df 8BRANSY ovatuladdr ess bus
1214 and/ or 12t22 landg@ver., ontrol bus 1238 and/or 1240, respectively. For
one enbodi MERELTOYRE p?ro‘bl%’r ate read command includes disabling RAS |ines
1212 and/or 1220 eWHisld Bﬁﬁk]cﬂ&graaﬂ‘é/fQﬁer%%%@mé’dlﬂe%@ﬁbﬂdll@gSﬁ@théﬁi‘ijs 1213
and/ or 1221 -24 ~ ;~ Y~..."~ L~ 4L WD 99/302a0 PCT/ US98/ 25181 and CAS
tines 1211 and/esnbagineerdtoft memaryimgdatyeontroleK31®osingna/tbne CLK 1216. | f

there is a difference b e er. of bytes selected . in the,"

sel ect ed SO RESRITD a8 PO ert ot Y % PRI SRS 200
transacti onniyy bBehsBateahdEIBHureattRathbas™ bhRBcslt eTxhéBPBoriblslmd) nay
be repeated a ‘desired nunber of tinmes to match the nunber of bytes. For
exanpl e, as b&dshbe msedl.glir will alsojre appreriated thatamemenaned ReAptutlezol um

1236 (toget .\ i ] 4 e 16 bytes of
data and t neop i BRE efMdai i SRR AR SR E S BEL 888 o o1
data, then anteeiftnteatlycadsobedisREALRhORY dBattiguRdn! tlempiritaindésdopet i me -
t9 to address the second 16 bytes. At step 1312 and fromtine t8 to tine
tl~, data | PORERIGPEHYINVEDHORAY receive data read fromthe sel ected
SDRAMs. © For exanpl e, 32 bytes of data nmay be read fromthe four SDRAMs
1204- 1207 in the follow ng manner: fromtine t8 to tine t10 data I/ O
circuitry 1022 may recei ve data packet DO that includes the first eight
bytes, two bytes fromeach of the four SDBRAMsE 1204-1207; fromtinme t10 to
time t12 data packet D1 that includes the second eight bytes, two bytes
fromeach of the four SDRAMs; fromtine t12 to time t13 data packet D2 that
includes the third eight bytes, two bytes fromeach of the four SDRAMs;
and, fromtine t13 to tinme t14 data packet D3 that includes the |ast eight
bytes, two bytes fromeach of the four SDRAMs. It wll be appreciated that
far other enbodinments a different nunber of bytes and a different nunber of

o o . N - o - a1l P~~~ AR A
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~J~ ,:~ .~ d L~~~ WD 99130240 PCT/US98' 25181 fromtime t11 to tine t15.
Simlarly, wetaspackets D? and D3, including a second 16 byt BST/HFSFHE from
. SDRAMs 1204- 1207 may be packed into one uninterrupted transm ssion DATA2
that may provided to data bus 1232 at step 1316 and fromtine t14 to tine

t16. Figure |5 SD@ﬁ%r%ﬂﬁlo%’mé’gbﬁﬁBheP%Oé iREPEERSS bbPL&TERLEM, MeBIDrY

nodul e controll er to performa wite transaction to one or nore of
SDRAME | 204b12073 #fdtenclueeeioneny mons Ictcmkrﬂgmﬂﬁtne‘srm s\tedreactiembuy bus

1242. The same pr.ocess nay he used to w.ite any of the SDRAMs
Figure 15 i $2Q1@8ermBEPRIANRIYHBCkide Bal élgi?z#gﬁaﬁi}‘etﬁfﬁ?ﬁgtﬁﬂéﬁm%f

Fi gure 16. r ocess of
Figure 13 usin teﬁgpgéﬂbﬁ)slg:yruf tghgﬁm% in ﬁégg&rés%ﬁggﬂﬁ%% ﬁtr?f Figure 10. It

wi || be appirdormagon tfhnt Regurg ti&@lunwe Ub!(d]szgﬂalh%& usg)raqopr axéneat el y

twice the f eq n of. CL or have a
frequency o %%\ﬂ%&a‘@é‘ﬁ %g ﬁﬁ’ﬁe ffdh%’ipéo%f) tPégaéﬁE%/ of
appr oxi mat ejhe 408 I memPbryotrhfEaidPOSH f33ﬁ{c§¢atg'vf/lfx@x{ @E‘Hd rc?atté (?ssgﬁfsent
frequencies, and/or differént frequencies, nmay be used cess starts

at step 15000 trnsaeteqn 08942Gndy afidorigna @28 may det mmaltprqd andegﬂnﬁmie‘é bcyorrrrand

is sent on owI e i nc a. devi.ce ddr e

menory | oca ?ﬁSIB%lé%@P c#eédtgxpgcg&txéoﬁtoécfoggﬁi i%@i— f%/'ffis’&f‘agg%% 1506,
dat a requesina lfngs 6m1Qed f@ﬁ§%bh?lédzp§otbhﬁl C RBd ufdebaesllé g0y 186 i on
and provides this information to control |ogic 1002. Because the nenory

addr essi ng s‘tm@mspmhcm@mqnxé@wsmn édneRDRAmMmle\,(a@e@ Figyreo® ki f f er ent

t han t hat used 0 0 act ied ,on row
address |ing8" gé‘ lyﬁr?&%‘ﬁsgébgd%gga TCBrr‘ lgﬁlatép@ 3 A sel ect ed
SDRAMs. In amaswmmtae ctlbusslcgalauanoWs&%mlaéarfaabsmmuoben&h%@d
address storage Unit 1040 until such tire that the colurm address

i nf or mati ond@¥icEssued to the sel ected SDRAMs. At step 1508 and fromtine t2

; | . : ’ 9
el udes. devi ce, MENES Sna i oiBlisg 808 phel ey g Rs SRR Aol R c 5T
address i nf Evrﬂatermlfig)nwtmeradesdtrcgdbm B26. Regakstdihdlihg kgissdLaiasd

SDRAI ~I's. At st ep | 510, request handling | ogic 1004 deserializes the
V ~rite coniféAe qsqafaéméoglﬁutbaﬁ mao'rmalr@ﬁe the mukiplexed 6gnEokoo2. |f

th
(1T 1 2 SR SpRecBel uhel: e, VR Ol Bk esadl 6L 89T wrdtago 1
control | er, tHeheBighatPio d&ﬂ%ldbgld&HJvﬁBlynéseB%eﬁe@,teed mzjesm@dvelynber of

times to magch th umber, of btes For _exanp as sho~~n_ in Figure 16, if
the first MF%@E%WH&%M&FE& %wadoqla%n@dzée Setlabepsépsw R EMRY acti vate

comand on Lo 234k 38| SRLSL0 Y UER RliodAbaoARA 148 a8 bocaEad to the

sel ect ed SDRAMs addresses 32 bytes o en a second w'ite cormand
VRI TE2 may tnspestmﬁéyi intom timeemuBiplexed seried of sigadtyr ®sise phevisleddnd 16
bytes. At st 12 and omtinme t5 to tinme t6, data handling |ogic 1046
may recei velh IOB?HL&S Al fromdata bus 1232 and nmay unpack or

deseri al i ze the Obhirgl 3ia- so@%wameﬂmg& eOSt fe glﬂamuﬁé ebfrbile Write
data DATALl into wite b |2, and address stor 1014 may store the

write addr e880, aodmgeneiytes einwepprdf}ammqmgtﬂocb,gﬁctdrémdndldata sigridetprehe wite
or read command i s r%élgl ved tro i.ns ect erég buf f er

1012 and add¥&¥YsTE eemffﬂﬁ“f Fv{cﬁé ngﬁaE%IEsé’dt r 88u° ISIEFC?WS ess is

| ocated in ?edﬁfegsﬁaﬁcmﬁ U6gitBH4, Emnn{eheo@qhbew@e@msu@laa@vk@uwneh&te
buffer 1012 be read or_overwitten. If a subsequent wite command

WRITE2 is i > myehapatiffereat sputrg! 1ogimthrrmaysbe tmplement1d spegitic
associ at ed or S | so
assoctat ed Moklaih S GORER e B ISP H LRSS o) Rl sl InBR, 5
control | ogbgs 3RA@2h& BPacific memory signals and protocol expected by the memory

devices on the memory module. For example, control logic 802 may

provide the appropriate address signals to address interface circuit 818 via
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UoJowe il
provi des the row address to the sel ected SDRANIs over address bus 1214

and/ or 1222 wapaddzle appropriate bank activate conmand to t h(Tal®8raa@l

. SDRAMs over-control bus 1238 and/or 1240. For one enbodi nent, the .

appropriate bank activate comrand i ncludes disabling CAS |lines 1211 and/ or

1219 d Jing; | i L 121. 1221
and RAS |1 niit15s B 4RO 5t e ER P RS e e bR adf 20 i
1216. At st Epesl$46 aaxotherapproprivtd QataGigndi®td ddta PQntirohitdyogicvidQst hen

provi des the col.um address and the wite conmand to the 27 E...e L~
.~ WO 991 30481 0 TRETRISHRES TS Its AN Y fRAU {4 an¢vegiseaflessnisue 1214

and/ or 1722 o0 . r iaqely. For one

enmbodi ment ,dﬁgg agglg%%sgéoi~éﬁrﬁﬁfgﬂgﬁﬁ@?§g?’uﬁ8§{%a l'ing RAS |ines 1212
and/ or 1310 alnd hrtatfhfcmgir@g;sl 815e 820,243 &Zﬂobhh ay bbl?dckgﬁtlk@#tlmek silAib? an(cji; or
1210, and WE |ines, 121 nd/ or 12 ai. the rising _edge of CLK 1208 and/ or
CLK 121 6. A&enﬁféﬁdl@zépoégcgef‘ﬁa}ﬁ)f ﬁ% t@cﬂ%eﬂeﬁ%mf 810 mapynrlsR PrPYge@ my

cause the ~-nx : Qb t t, ta |lines
ba. 1055, 55k Ebrlld cHRUBEIROBINEAALS Ik Melas el wiEAYPRARL S | LS,

byt es of datlackmaigrizé 830 ianteior e akhenabbaisigBERANEM A4y HROes ontdre f ol | owi ng
manner: fromtine t9 t t't:irektll daEa /.0 ci rcuitré }OgZ.ma%l provi de data
packet DO | MEMFTMGOANLE + HG BERfe %ﬁlé?s‘,“ai’\%“sw §'9%6 LEHS P the four
SDI ' " AMs;  apdpbhesnd bidekis2d provideefrbavsydadma xﬁ@x%% bk Dgzmc lcuck Bsh ks, second

ei ght bytes, two bytes to each of SDRAME 120.1-12 and D1 na
correspond beagaffatentAgequansiahrp)cleckobd4 i idemopy modtulensontrallem8ed pr O

[ it 1Q22 i f ket [ di t third ei,ght, bytes,
R Y iy e e e e e
packet D3 idAgduidtig shaipes 38 halteiOibcloBLebefordvd RUERS diSciepsme@ior FPBAVS

1204-1207. D2 and D3 may correspond to DATA2. It will be appreciated that
for other enbodiiMemeryamfidirle centrolanfed mify plspdsclade apdiver enamagersunber of

cycles may be.r ired t it L ec th ata to the sel ed
SDRA vls. At Sﬁgw‘f‘ﬁ Lfrhal%sf\qééac%frg?é’?&%ﬁg)gﬁ goﬂﬁ%x 8habls or; 'S%fcl ernative
embodi ment sclacipgehemitomBll.eThiz mag, irdfurheasabl@an dishble elbck B8O SbRAMBCk™AY be

executed. In an alternative enbodi nent, nmemory nodul e controller 102 may
al so provi dnablesignpd mevideshiaihe BRMRIYOISVIERFSON 24PeBATY SOPARIS SP28% 1207
usi ng a nodjfi r e i f r y be denultipl exed
havi ng a dg{toa&ﬁﬂg&ag%‘ggpgéssgkg?e o%‘teﬁgfﬁ‘ggi%%ﬁ!fteg?r ansmts control
information and kighessmaetuieednaotiys BeOnn@murtheoitichudd eafrdsh. Iggic 8last em
menory controller 304 of Figure 3) and rrermrP/ nodul e control ler 1202. Ln
thi s enmbodi #hprefgtehelagic B A hides ihe comrahe! eantrrlegistS0prekhIDEIE. 1207

may be perf@r, PR N J7 1 BT Ln_r Ahgkcol um bus
1236 are usge)lénggyg%er%gont rsltg‘lC HJ%H%@%‘%%E’B&E?&E?%%§ Oil\za?,éh .. iv .~ W
991 30240 PGhodsd8v2biddtrel griatfate niesuit B20. GldmeroldopiadORenty geaedité ter ent
nunber of signa | i nes nmay be used. Fromtine tO to tinme tl Esrhactivate

comand is EAENFEPRBRNLT Hh@PPIaBrise tHRe Rfi Hgnay geverate 2B&fRSN and row
addr ess of &ﬁhﬁﬁa&ﬁmr{nﬁﬁmsé Q63 tIRSh draRANEseh2 Qdel 2R hsadtbrd Bis 826

enbodi ment, the activaté conmand may be spread over two cycles (i.e., cycle
0 and cycl eframi systam memdry owtraierQ0K. 1I22&tcin logic 842 dadya urglerthesferred on

each cl ock edge of, th K| [ doubl e ed) . For one, enbodi nent
Che packet TOMTRIC, SHIOIRBIET PraBie 4 PiRe PEAARY 78) Tttt o ¢ he
signal |i ne@z.%f DRMRT @bvikes akBStore the Erefetched data for use in memory read

COycl eRQ 7] RY6] RY SIRQ 4] RQ(3) RY 2] RY 1] RQ(0] OSTSFO[ 4] I( 3] D(2J0} 1] D[ 0] B[ 0] 0
R( 6] R(5] R( 4TRAIASR( 1IR[ 0) B(1] 1R(13) R(12] R(11) R 10JR[ g] R(8] R(7]1 B[ 2] TAB E
1 Memory module controller 800 may further include serial presence
detect circuitry, ECC circuitry, current calibration circuitry, and other
circuitry that may be removed from either the system memory controller or

from the memory devices to reduce the complexity of the designs of these
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The activate command includes several fields: B[2:0]_Bank Sel ect: Sel ects

one of ei ghvOoB%ARe% i n SDRAMs 1204-1207; D[4:0J Device Sel ect*® PP WS Blone

. of 25 or 32 menory nodul e controllers; R 13:0] Row Address: Provides a row

address for one or nore |locations selected in SDRANts 1204-1207; and ST, SF

Encoded Fr apeftka THis Soinpdtdice Bhé swusiad dfoPmecbrcaieeswyia@m@énﬁbroomnd s
framed as indicated in'Table 2. The Extended commands may i ncl ude poop,
pr echar ge, Feitralfr. and ot her commands. STSFOper ati onOONo Fram ngOlFrane an

Active Command ( QFr ;

c~~Z WD 99 502, | Fibe BCHIOKA SUithY 18 B ﬁgﬁ}{#%gmr@‘%n merdotdher 0
AtSLIr ~~ Fbpémahlomaoftﬁlehmrtyl medtul caatallarefiiesir weige enaiaeédde&&ratabnzes t he
command and_address i nfornmation a%gpgrovi des this information to control

| ogi ¢ 1002. TeBREPERSS POy £ FopiPelin PERFF @EdMPHEMERtFda dIede staget he
I d i
sel ected SDRAIGLS Avg(l BQ%@%&&@& tﬂ\%tl e@r%%oa%@coﬁe?gpéﬁgg%@gop“ ate

bank activate command t sel ecte over contro 8 and /or
1240 (e.qg. peysfodasmanjoedo&bbmtmns foesiglep dcansiatirkg g\mitresarikBr@ardj 14). From
tlrret4tot|rret5 read command is sent on contr bus 1235. The read
Command | nclaRes s RN esa AT TN TBETRA CSOMALES SFar BRATY A HER The
desired reag, J_an) hhSulen the SDRAMs. In this enbodi ment, the read command
may be sprea r two cycles (i.e., cycle 0 and cycle 1 in Table 3 bel ow)
of CLK 1228, andTha\peoeespa(ﬂ(matf&teprQﬂ"asﬁxtsshep\ﬁOil,anEa’rdrg rBodule controller

(0] B{0] 00T L8164 EEET O P ChOTERa3% APt cfof 4 sPef o 7361 2

TABLE 3 Thehﬁﬁ@l‘i'mné rsd4ld@@éﬂmezses&ﬁyefaadsa@hcm BE §f2b J0eSlodshrant tHy esent in
the activate co Cl11l: OLR~w Address: Provides a colum address for one

or nore | ocaddrsss @@Iteﬂt and idatsrRabationaf the Transaction. At step 908,
control logic 802 inspects the deserialized information and determines if the

transaction is directed to a memory device of the module controlled by
memory module controller 800. This may be accomplished by inspecting
the memory address received to see if it corresponds to an address occupied
by one of the memory devices in the memory module. If the transaction is
not directed to a memory device controlled by memory module controller
800, the process returns to step 902. If the transaction is directed to a
memory device controlled by memory module controller 800, control logic
802 determines what type of transaction is requested at step 910. If the
transaction is a write transaction, control logic 802 generates the appropriate
write control signals (e.g., WE, CS, etc.) at step 912 and provides these signals
to control interface circuit 820. At step 914, control logic 802 then provides
the write data in the appropriate data format to data I/O circuitry 822 and
the address of the selected memory device to address interface circuit 818.
The write data may be buffered in a write buffer (not shown). The data may
then be written into the desired memory location of the selected memory
device. At step 916, an optional acknowledge signal may be sent back to the
system memory controller after the write operation is completed. The

process then returns to step 902.

-16-
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o - by Jow et
RIWRead Wite: indicates whether the conmand is a read transaction or a
write trans¥€r9968240\When this signal is in one |ogical state PETURECAlles a
_ read transaction, and when it is in the conplenmentary |logic state it -
indicates a wite transaction; and AP Aut~precharge_: |ndicates whether the
sel ected col um (pfher@adsaefiofat acked th@i¥aENoKel donito oudid goe tpegchar ged
after reading. Framtine t6 to tine t8, request handling | ogic 1004
deseri al i zePTOViclep dogireashradresand the sgipeted memery ﬁiﬁ&’ﬂﬁﬁ@ia&ﬁg@%ﬁ Eentaes

| ogi ¢ 1002. r = = o . t 8r 15181
| ogi ¢ 1002 tcﬁgﬁpg%ﬁ%gz? ﬁg“‘égf {JOI%%C g%gélgesxjaée%dt h%g%r%e%@?gfgo%rarg%%# ??t he

sel ect ed SDiigvialofess., WEIr€SOBustc]2hd hdds thege signdlsavedoreitintrfdeds 1238
and/ or 1240, respecti \{_‘el%@ (e.qg., as described above with respect to

Fi gures 13 &HquiA¢0. 'he drtarppgthen 5 reefintiam tREABSiTes MaIRER |0 Hien Bi35
addresses L " t i JoJRSID A

12041207, ﬁ@%ﬁ%@%éﬁ%’“ﬁ%@%@?@?ﬁe @%ﬁgﬁ%‘gﬁ%&.@%ﬁ d i ot %f?‘f to
time t9. Frnotshosvi)l6tdred in rentrdblogiaBal,|drQegisteratt Ay sE@P22Xalye rexcki ve
data read fromthe sel ected, SDRAMs. For exanple, 32 bytes, of data, K may, be
read from t K8 B BOPFRR e‘ié%ﬁgi%?ﬁ?ﬂd A8 &F|88%‘ﬁgévrﬁah+§e5&n iZ8thdidme ¢ 10

totime tl11 | i i Q i at
| ncl udes thgqﬁ rgeStf{agil ég;th wﬁgﬁs{?;t V\Z%Crtﬁﬁé R R ,%O,]Eéﬁtﬁﬁgtt ?%uqrb tegDRAI\/B

1204-1207; findicatingrehis Phrtioular mead transadtsnpas ketepOR4t thet reiadodatdesay he
second ei ght, bytes t ytes fromeach of the four SDRAMs: fromtime t13 to
time t14 daﬁkée%h&?g?y\%}c }1%3"‘? ﬁ%ﬁmﬁ@eg‘emyt%rﬁ??éfdﬁslfe’bfﬂggfn Yyt es from
each of thepl,QuEn3SPRANMSG: Mdn dII 8fRekipFBviold thihdakiiEnd AfvelBkén packet D3 that
i ncludes the | ast ei %ht bytes, two bytes fromeach of the four SDRAMs. It

t

wi || be appreuipdeted. orfpembphanertribeddakakesiogidBdd er etiterrogizele.gf byt es
and a different nunber. of cycles required to read the sel ect.ed data
from the sereatesl aRang loghai® rETYebRaie il & Gheebiemoftiorty fiek, or ed
in read buffngsy MEHidRItheractioidr &vbgitash fltendigtivud e Had & ifdidld 1d0cdrRghic

1046. Alternatively, it may bé provided direCtly to data handl inrg_ | ogi c
1046. At st &gig3P3 whien ¥ isahalthay of sgrooragnoshaile spntzeller 8@tk sentkitdat a i nt o

t he proper f e t e ry.controlle n da us
1232" For oftLaBBacha T ah B RoRY PORBRTEN R B WhlePriernt PRt 850t 16
bytes of datThefreathdabRAMS B0t 12RF, withwalid sigeKSd8iintacdadapled sistémupt ed

transm ssion DATAL that may provided to data bus 1232 fromtinme t12 to tine
t 15. Si ni | adihg Pr@ses tHsaKetwnsdosrRp B82. i ncl udi ng a second 16 bytes of data

from SDRAMs 1204 ) ck int nint er 1,SSi on
DATAD that ray pF TGl Eo HIRRERrDS RAGRT PG HBhGE L] 0RLRS 0
f, .., G~ s one evoctieat W/ b rPChOtUERBcordbdi®k FQrudihgsa enbodi nent, a
~n~rite transaction to one or re of SDRI-'1lvls 1204-1207 may b

per f or med a§e§l+b‘\9\’iﬁ?%eﬁi I@W%COLIB%W gmhadimeny of g 4¢ H’éﬂFP{'Lexﬁﬁ %f@%/‘?‘ipit e

command as myvg i ) n 23~ Lneldidi devi ce,
bank, and row ad%%lg%@ga%n%ungnrﬁ I%g%cg'? i %ggﬁté}mé%%’%ﬁ reehlg? %%E%%é%

1204- 1207. Dellealseeegipreagied tGd4melesey nabd dessohhellent®@h i am¢ addr ess

i nformati on arbd 1rovi def\s this information tq co | ogi¢c 1002. Fromtime

ol
{2 to tine EEDOME OF 2 MRRAR Badie BRUOYRTr MNELETPPIMERL MAYc! udes

devi ce, banly ihaf L QR; ' idte
| ocations i rl?sg?)‘gll\l/g&% %Ehﬁg%ﬁiﬂggwﬁﬁhggm%nigﬁﬁ foﬁleﬂhggjceé%%&tf or mat

shown in Tabheegtignth the RFWbhit set appropriately to indicate a wite

transaction. Requyest handling |ogig,1 deserializes the ite command and
provides this in ?—wﬁ{y530%1%(;%%;%}6%@3@%&5?5 PETY R} éy%"h“}ff’??ré’rence
bet ween t he pudntpeB tRat Pl ESesSEhE6E BtbreQio $iEhADIAG BRRAVRokER4nd 20i4(e. 8. ,
32 bytes) and the number })‘f& bgt es selected by the single wite transaction

i ssued by t hedsgssthun G 2P, 1data bus 4027, pedbpeeSptionhly indede ar st '
write command;WRl. C 3 wite st n g., 16
byt es) of dglg g}é\@é é%géb%b\%f}[?igﬁc%@rﬁa C4E2 b%é@ agér?sgrs%?dé qn(rtg% time

t4 to tine tibfdrnation fdrea nAREON raabEMIYN. ORI @ahAtikedy ICMDBDNADER bl bytes).
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65 I 27
Fromtine t6 to tine t9, data handling | ogic 1046 may receive wr!itendata‘
DATAL from Wa¥3%d& 1232 and may unpack or deserialize the w§TES#A8! pata
. handling | ogic 1046 may store the wite data DATAl into wite buffer 1012,
and address storage 1014 nay store the wite address output by request
handl i ng | 0g02s &0GQ4e ddpadatetinersigitrawr ddremandraatadarasabases veligi ved,
control logic 1002 nmay I nspect wite buffer 1012 and address storage 1014
for the req6sfbd0¥idrelandsakingsigaar twd may pgereddor A degarplesl st or age
1014, then e i i i , - 101 or
overar tenPrrPCel EPRABAE M GBirPot  Eklely firaRbch of IR BT 0
recei ved fr onlididuea iOpteseni om ttahbactémdbas 3024.avVatldwigeltthag beommand, may be
unpacked or deserialized and also,stored in wite buffer 1012. 37  a ;~
TR ool maniRerd gndogents RIS 7Y 89BrakAe1Iog 008 HRdeT the Rt R cont 1 ol
| ogi ¢ 1002 Y H6®, tVglid QuAddps - PRS- Qe
EB&‘?onoﬁ i girg&-ét %%&a&(‘)’oé Bm&@%gﬁisgg? e rét%es

address bus 1214 and/or 1222, he appropriate command to
SDP~AMs | 20Mer207y owetule anhtrollebdS00 al@3ditenfalesrwitB4fefrenry. devasesdeser i bed

above with respect t i gures..15 and, 16). Fromti t11 i t12,
con;/r o\INI I ogi”tES WZ“‘[Oﬁé‘Eé %ruso‘\?is%‘ggref ﬂ}abﬁﬂ)rﬁm‘%%lér%é@ saJSBa{ ﬁ@dﬂﬁnggée%omnd
to the sel egf‘ﬁg‘ils%é'v@orﬁ‘/&rsi q4lE 8833, ke Slﬂé;&l%ﬁemé @o%é~@?o&r@g1%4qro3eontrol

bus 1238 and/or 1240_) respectively (e.g. scri bed above"w th respect
to Figures tayahel on6jtedHoomsynarond@stroemong devicescontrol | ogi ¢ may cause

th ite data tp,b ided to t t ed , SDRANs dat.a Li 2=l
1225, 1226, ands 198, HAGF aaRroNFOINT Giriees eopist RanaLREdRRE 105 by cs
of data nay fheinesdfidien vwieh th@sheitin SRRAYSS, 1 284udAWarid) Or%%gfl@hd)wmg

i
manner: fromtime t10 to tine t12 data I/O circui tr}gt.l may provi de data
packet DO i irdlude sigseridiZing degisi that M separaigothsymestiplexedshntbl ahd f our

SDRAMs:; and_f,rom.t.i t to ti. t13 t iLncludi hg,the second
Shont byt og 8BRS i BEatabiorl frdvidlFa bRl RR Ao RS Shs Tob Mt Piligt Hest
correspond tQMBPATA cordelslilbgRMaol Yiia ﬂfr@mlbjllrﬁnﬁjl@ﬂ,ore%h@@i&elﬁ. ®ahaedt O

circuitry 1022 may provi de data packet D2 including e third eight bytes,
two bytes tbapdbngdegisHRA%Enayelsolirgiudesatializimg iogre thatumay serighize 15 dat a

packet D3 includjng,t st .eight bytes, t byt Q_each.

504 1207, onRAEs ARe Rahi S aRlor b Yoer o PSRl MBI ha
for other epbes sfedigala télbkfrbertednien®RID CADDR Bas a0k.a di fferent nunmber of
cycles may be required to wite the selected the data to the sel ected

SDRAMs. Al t houghMemeni sduaprstglier pRANE eher ipgludendetr handking degist i ve
enbodi nment s i i ( I a - Ms may be
execut ed. All%ég%atﬁ n?%‘?é\p%ére Ee\geezril taﬁ@@n‘?étganﬁzlsdzzégerggééé%?{leb%%giLﬁ ernms of
speci fi c enbodhateapropiriatavdl tHremr@ppocdatiess dbhete ymMeysmteidilé kadt i ons and
alterations m ggt e npde bé t hose skill ed g n_the art w thout departing
from the spPFPYId8raeeispEastect Aatai tovrits BHfeTRBIZ nbenens RRPRAIME Y her ef or e
be measur ed 4i Pt d L VB i M,y - : ~r~~ . e
.. Wat is g:aghl F&%@%“’ Olélpzogégt% cén%??é%ﬁgagwénéggtug%gﬁgwglég%:%otnqt roller;
and a first peefoomythendanattarpeiveeary:foaetample, plnaredwi(y.gof 16neitpdatadens ces;

a first ne nodul e. control | er. . coupl ed to. the syst ry, contraqller
2nd the 1119000 ITIdET OF Bmbttaty) TOEELEEVichaats Pt TRArorye Hath ey De
control | er BgyrBg if Ui eIbth sk g@lfz,r@&t‘?l %f%e’%&?% Bgﬁatr%v%e%md@mmogpaému er a

first nmenory transaction in irst format an o convert the first menory
t ransact i onvindatad /SeciondtnyeliZRy A carresparidingiaddaessdoohie fattaatatd oray he

first plurality of, ne devices, t egond format .of the second nenory
transact | onlbﬁegl}/(?f&dd‘infaf%%fﬁ SYOraes Pﬁéth]ﬁlas':‘P%frcﬁnn%lt‘e%‘ﬁ“f’ﬁgn?%?@m%mr y
transacti onwrte bhiteerSgbena Pbedriitfad. . DA RNRI1iOMRId $0480inad dl16d SdcePRNOIY
bus coupl ed between the system nenory controller and the fifst nenory
modul e cont detd &pm the memory devices of a memory module via data I/O circuitry

1022 and/or read buffer 1038. Data handling logic may then reformat the

data into a format expected by the protocol of system memory bus 1023. For
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3. The systemof claim2, wherein the first menory bus conprises a signal

line for a 6Y@8¥308I0gnal . 4. The system of claim 2, wherein t FETYPER enory

. bus conprises: a signal line for a handshake signal that indicates if the

first nmenory nodul e controller is communicating data to the system nenory

control | er. dne ethBodysdreefa khadihg lodibrone 'mePReludk ReriaBzig@cond nenory

bus coupl ed between the first nmenory nodul e controller and the first

plurality ofpaskimgr pgifetp perdorm thyensiaiasnbetvednaifon eampler aiwidenée.gecond

Y, Pine Sy RDa ol B4R 4aip B 1NSG Ru pfrShENE g 1061 ¢ Bher e o

at a first doepa Fat genatothae efetisithemeraity Huusllink: Iogmoﬂ@?atseeoﬁtmted aagond
data rate, and wherein the first data rate is ° di fferenf than the second

I f
data rate. 8&heforanatiisgahdsta may he perigrmied; by cortrel logic RO%ry bus has a
first nunber of i I n - nunmber
of signal Iines, %adﬁ]‘g%v{/nléggﬁo?hg t\i\?‘r%gtﬁﬁ ﬁ%&%&%@%ﬁ‘ﬁéﬁ“@ﬁ?‘gégﬁégg%@% ferent
than the sed00@ anpeovidés tiegapbropiriaes cotrollhedsyst ent afat< bignalsSorwher ei n
the first menory nodu el controller conprises: request handling circuitry to
recei ve the P¢FSEY Wf%‘l‘? TRRINEEAGVOTFST FOTRSPRBSE 1 $0e figmarsy rasasedati@™tont r ol
| 0gi ¢ coubl e f & RAAGUBEI: NAC! EAG Fldid! Iodild bRBALORERLERE 1T St
menory transaction into-t second nmenory fransaction on the second nenory
bus. 10. Theaslystede ofaychaied¥ferehecentnol lggid it magrier ynplemens at 0 carry
time-multipl exeﬂ\adat a,and address informnation, and wherein the second

menory bus PPREF ééans:'gd’é’tna TWREDy thest '¥]e3an riéré’:tocfi:onﬂli@_sé’?tﬁ”ém of
claiml, Vm%@rhﬂrzyt BGsEh&%he@E@EM RS s a@sgﬁa'prbfbc@ Q?@Jétéébﬂﬁg‘)ry
T h Irst nmenory no

nodule (DIMVM). 12. The systemof claim-l, erein the dul e
i s a singl e membrndeficesonndveomemmostuned il Mipr et8npiheosyi dogiofl00Rai m 1,
wherein the first plur evices conpris

devi ces. 14.mal§ﬁ8r%‘3}§?éﬁ"lr h%%ﬁﬁ%ﬁi%%ﬁ drségﬂaltSHB aldidfgﬁseiﬁqu(}lf%fe:clti%ugtfe{%%or y
forioes comil shosanN b opRCICApASy st lan L
menory devi 880 viadlines 1050, and the appropriate data signals to data I/O circuitry 1022
by controlling write buffer 1012 via line 1052 and address storage 1014 via
lines 1054. Control logic 1002 may also provide the appropriate control
signal to read buffer 1038 to control when data read from a memory device
on a memory module is provided to data handling logic 1046. The interface
circuits may include buffers and register elements to drive address 1032,
memory control signals 1034 and data 1036.
Interface circuits 1018, 1020, and 1022 may be clocked by a clock signal
generated by clock generator 1010. Clock generator 1010 may also provide a
clock signal to control logic 1002 and to clock buffers 1016 which may drive
clock signal 1030 and/or clock enable signals to memory devices on a
memory module. Clock generator 1010 may generate clock signals in
response to a clock signal provided by DLL 1058. DLL 1058 may receive on
or more clock signals 1024 provided from system memory bus 1023. CLK
1030 may be a different frequency than clock 1024.
Memory module controller 1000 may also include a power manager

unit 1008 that, under the control of control logic 1002 may enable or disable
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ri r,"~Jw L~.~" a second nenory nodul e controller coupled to the scy5st“é'n'1 o
menory cont wel 9980248nd t he second plurality of nmenory devi cesPCTRASIEEI8hd
. menory nodute controller is to receive fromthe system nenory controll-er a

third menory transaction in the first format and is to convert the third
menory transQeticeR denkatdr§ quid MalBPfYnt EARMSIBG ABY1B g SR, for mat
for the second plurality of nmenory devices, the second format of the fourth
menory tr ansheki arabbesignadiprowidedt tof thenmetre i desticdsormatmemoarhenoditted
menory transaction. ng. The s .st.errtl %f cg_‘ai m 15 whgr ein the first plurality
of nerory d89iAEd8 RREY HOLG ESHRR &Y b INSSF FRENERY A4 han t he second
plurality of m?mMé/mGQyln@@@ule%nt{bll%yslmmrﬁ%'p'ti%hagy 1AcI8VYRlRIALBYTOr Y
controller; a nmenory bus coupled to the systemnenory controller; and a
menory unit sfarageidinmgt048 qeupled ka gomrohlegir 10Qevildesss intedfage nmeit 1 0Addul e

controller coypled to.the mry. _bus t.h luralit menpry devi ces,
the menory ﬁﬁgtﬂpgmcnoaﬁl[yrtglclléang%%tr%%fel@g?v@cgdrg?sr%tprz?feeyr%drib T?gﬁgi“&egéﬂ from
the menory biseiaddredd inSbrrh@fioMthanday et Provedac Flont VDI ATDDRETOEY
transaction into a second nenory transaction in a second format to at | east

one of the pluraMegposy medwleycadéiallessl00PHaay dusthar inelrde refresthandecond
menory tran [elg) i gl : he. .first of, the fir
remory ¢ anbogrianiots e RS Th e aIE b aubbicbera 8 Wbeftod Rl h,
bet ween a sysh&ol togiornPoz.omieniok e maedaleadontedkt 1008 redy dumdher Mdldde of
menory devices on a rrengry nmodul e including a menory nodul e controller, the
met hod conpfedplnpreseRefiffigchcifsuity. FefofycyirnsurenbralitraipRsircaitst.em
menory contr,qll : u I i
(T ansact | on ey net Sy PR MaPHlienGant oy Sihe! I LiéEh SRR
transacti oncontrollar sedoord thenmemoty aizvamsitoretiate dte teaplexatyeodfhe he nmenory
devi ces, the s,econc} Hem)ry transacti on having a seco ormat that is

f{NPS] PROF-

d.
di fferent fASMENRES 1s gRy eehge e f‘h‘é“t%eéégrﬂin?r@ﬁdh? Syp&H%act i on
to the at |east pneof menory devices. -36 G~ !' ';'~ ~~=2 19. The
met hod of cl al mog%%okéarl%?h the nenory transaction is a read transaction.
20. The net hod offighme M di8owshefl@ivrcHahethm ninytrateansactmibedinsera ofrthee

transacti on. : :
operation of memory module controller 1000 for write and read

transactions. The process may be a pipelined process or implemented a
single stage process. It will be appreciated that memory module controller
1000 may perform many more functions besides translating write and read
transaction between a system memory controller and memory devices on a
memory module.

The process starts at step 1102. At step 1104, memory module
controller 1000 receives a memory transaction request on CMD/ADDR bus
1026. At step 1006, data handling logic 1004 unpacks or deserializes the
command and address information and transmits this information to
control logic 1002. At step 1106, control logic 1002 inspects the unpacked or
deserialized information and determines if the transaction is directed to a
memory device in the module controlled by memory module controller
1000. This may be accomplished by inspecting the memory address received
to see if it corresponds to an address occupied by one of the memory devices

in the memory module. If the transaction is not directed to a memory
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is serialized or packed and may be framed by other data including, for
example, a request number indicating this particular read transaction. At
step 1126, the read data may then be sent back to the system memory when
the system memory bus is free or when all other previous transactions have
been completed. For one embodiment, handshake logic 1006 or other logic
(e.g., request handling logic 1004, data handling logic 1046, control logic 1002,

or other bus monitoring logic) may monitor the activity on system memory
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back with valid signal 1028 in a decoupled system. The process then returns
to step 1102.

Figure 12 is a block diagram of memory module 1200 that is one
embodiment of memory module 306 of Figure 3. Memory module 1200 is
an SDRAM module that includes SDRAM devices 1204-1207 and memory
module controller 1202. Memory module controller 1202 provides a bridge
between system memory bus 1242 using a Direct Rambus™ protocol (and
coupled to a system memory controller) and SDRAM devices 1204-1207.

The Direct Rambus™ protocol includes clock signals CLK 1228, /CLK 1230
(where the symbol “/” indicates a complementary signal), data lines 1232,
row address lines 1234, and column address lines 1236. The data may
include 16 signals lines, the row address may include 3 signal lines, and the
column address may include 5 signal lines as described in the Advance
Information Direct RDRAMT™ 64 /72-Mbit (256Kx16/18x16d) data sheet. For
one embodiment, CLK 1228 and /CLK 1230 may have a frequency of
approximately 400 MHz. Other signals used by this protocol are not shown
so as not to obscure the present invention.

Memory module controller 1202 provides memory transactions
received from system memory bus 1242 to SDRAMSs 1204-1207. For one
embodiment, SDRAMs 1204-1207 may be 64Mb SDRAMSs such as described
in the preliminary data sheet of IBM’s IBM0364804C, IBM 0364164C,
IBM0364404C, and IBM03644B4C products published in November 1997.
Other SDRAMSs may also be used.

Memory module controller 1202 provides first control information to
SDRAMs 1204 and 1205 over control bus 1238, and second control
information to SDRAMSs 1206 and 1207 over control bus 1240. Control bus
1238 may include a clock signal CLK 1208, a clock enable signal CKE 1209, a
write enable signal WE 1210, a column address strobe signal CAS 1211, a row

address sfrobe RAS 1212, and one or chip select signals CS 1213. Similarly,

=22

—



U Jd it

NrvwxydYNC <& 10 h 10 h 10 hL: 10% h& ()-8&10% h& ()- 3710% h& ()-5310%
h& ()- 310%vh&sq302ySdEYNG <& Y 109%& ()-L109%& ()- Y PCT/US98/25181
. F109& ()- @109 ()-1, 109%& ()-s' 10%& ()- SJEYND <& Y .
s109%& ()-10%& ()-&L0%& ()- Y 310%& ()-10%& ()-F L10%& ()-b!-gdEYNO <&

3109& () -
" 109& () -

dEYNC <&

%gx(f&l/gu 1&% &4y 1&{%1&@%(&@ SYOT{IaQ(@.I()Plé(-;IaOc;/@c}( znaggg}fml<§
CKE 1217, a write enable signal WE 1218, a column address strobe signal
CAS 1219, a row address strobe RAS 1220, and one or chip select signals CS
1221. For one embodiment, the frequency of the CLK 1208 and CLK 1216
may be approximately 100 MHz to 200 MHz. Other frequencies may be used.
Memory module controller also communicates memory address signals
SDRAMSs 1204 and 1205 via address bus 1214, and to SDRAMs 1206 and 1207
via address bus 1222. For one embodiment, each address bus may include 12
address lines and an additional two bank select lines for selecting banks of
memory in each SDRAM device. In an alternative embodiment, control
bus 1238 and 1240 may be the same bus as shown in Figure 3. Similarly,
address buses 1214 and 1222 may be the same bus. Memory module
controller also communicates read and write data with SDRAMs 1204, 1205,
1206, and 1207 via signal lines 1224, 1225, 1226, and 1227, respectively. For
one embodiment, each group of signal lines may include 16 data lines.

Figure 13 shows one embodiment of a process implemented by
memory module controller 1202 to perform a read transaction from one or
more of SDRAMs 1204-1207 after receiving a read request from system
memory bus 1242. Figure 13 is described with the aid of the exemplary
timing diagram of Figure 14. It will be appreciated that Figure 14 shows CLK
1228 having approximately twice the frequency of CLK 1208. For one
embodiment, CLK 1228 may have a frequency of approximately 400 MHz
and CLK 1208 may have a frequency of approximately 200 MHz. For other
embodiments, different ratios of frequencies, and/or different frequencies,
may be used.

Memory module controller 1202 may implement the process of
Figure 13 using the circuitry shown in memory module 1000 of Figure 10.
For example, CLK 1024 corresponds to CLK 1228, CMD/ADDR 1026
corresponds to row 1234 and column 1236, data 1027 corresponds to data
1232, CLK 1030 corresponds to CLK 1208, address 1032 corresponds to address

1214, memory control signals 1034 corresponds to control bus 1238, and data
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tl, an activate command is sent on row lines 1234 including a device, bank,
and row address of selected memory locations in one or more of SDRAMSs
1204-1207. At step 1306 and from time t2 to time t3, data request logic 1004
deserializes the command and address information and provides this
information to control logic 1002. Control logic 1002 then provides the row
address to the selected SDRAMSs over address bus 1214 and/or 1222, and the
appropriate bank activate command to the selected SDRAMSs over control
bus 1238 and/or 1240. For one embodiment, the appropriate bank activate
command includes disabling CAS lines 1211 and/or 1219 and WE lines 1210
and/or 1218, and enabling CS lines 1213 and/or 1221 and RAS lines 1212
and/or 1220 at the rising edge of CLK 1208 and/or 1216.

Because the memory addressing scheme protocol used by Direct
RDRAM™ devices may be different than that used by the selected
SDRAMs, the activate command supplied on row address lines 1234 may
include column address information for the selected SDRAMSs. In this
example, this column address information may be stored in address storage
unit 1040 until such time that the column address information is issued to
the selected SDRAMs.

At step 1308 and from time t4 to time t6, a read command is sent on
column lines 1236. The read command includes device, bank, and column
address information for the desired read location in the selected SDRAMs.
At step 1310 and from time t6 to time t7, request handling logic 1004
deserializes the read command and provides this information to control
logic 1002. Control logic 1002 then provides the column address and the
read command to the selected SDRAMSs over address bus 1214 and /or 1222
and over control bus 1238 and/or 1240, respectively. For one embodiment,
the appropriate read command includes disabling RAS lines 1212 and/or
1220 and WE lines 1210 and/or 1218, and enabling CS lines 1213 and/or 1221

-24-



e
&

U&' (
(
)
U&(

U&' (

)_

) -
) -
) -

boll el

&@L0% U8 ()-" 10% U& () - FSWd0% v& () - sSwd0%

S--. . WO/PEERMNC |1/ S 10% U8 ()- vy, 10% & ()-* 10% U& () - POAYSE8/25181
FL$10% U& ()-"10% U& ()- /20s00>1BLCIDIEIdYNC ! 10 U 10 U 10 U I:
, 96z 10% U& ()-,410% U& ()- 2 10% U& ()- Y110%

E1VLcA EA3AEVNG1h orf/QY481d e theAK8 ledigl)of GPRA¥Fakd 7or CLK
1216.

If there is a difference between the number of bytes selected in the
selected SDRAMs and the number of bytes expected from a single read
transaction by the system memory controller, then steps 1308 and 1310 may
be repeated a desired number of times to match the number of bytes. For
example, as shown in Figure 14, if the first read command READ1 on
column 1236 (together with the activate command on row 1234) addresses
16 bytes of data and the read command to the selected SDRAMs addresses 32
bytes of data, then a second read command READ2 may be issued from time
t6 to time t9 to address the second 16 bytes.

At step 1312 and from time t8 to time t15, data I/O circuitry 1022 may
receive data read from the selected SDRAMSs. For example, 32 bytes of data
may be read from the four SDRAMs 1204-1207 in the following manner:
from time t8 to time t10 data I/O circuitry 1022 may receive data packet DO
that includes the first eight bytes, two bytes from each of the four SDRAMs
1204-1207; from time t10 to time t12 data packet D1 that includes the second
eight bytes, two bytes from each of the four SDRAMs; from time t12 to time
t13 data packet D2 that includes the third eight bytes, two bytes from each of
the four SDRAMs; and, from time t13 to time t14 data packet D3 that
includes the last eight bytes, two bytes from each of the four SDRAMSs. It
will be appreciated that for other embodiments a different number of bytes
and a different number of cycles may be required to read the selected data
from the selected SDRAMs.

When the read data is received, it may be stored in read buffer 1038
prior to providing the data to data handling logic 1046. Alternatively, it
may be provided directly to data handling logic 1046. At step 1314, data
handling logic may serialize or pack the data into the proper format
expected by the system memory controller on data bus 1232. For one
embodiment, data packets DO and D1, including a total of 16 bytes of data
from SDRAMs 1204-1207, may be packed into one uninterrupted
transmission DATAL1 that may provided to data bus 1232 at step 1316 and
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memory module controller 1202 to perform a write transaction to one or
more of SDRAMs 1204-1207 after receiving a write request from system
memory bus 1242. The same process may be used to write data to any of the
SDRAMSs. Figure 15 is described with the aid of the exemplary timing
diagram of Figure 16. Memory module controller 1202 may implement the
process of Figure 13 using the circuitry shown in memory module 1000 of
Figure 10.

It will be appreciated that Figure 15 shows CLK 1228 having
approximately twice the frequency of CLK 1208. For one embodiment, CLK
1228 may have a frequency of approximately 400 MHz and CLK 1208 may
have a frequency of approximately 200 MHz. For other embodiments,
different ratios of frequencies, and/or different frequencies, may be used.

The process starts at step 1502. At step 1504 and from time t0 to time
tl, an activate command is sent on row lines 1234 including a device, bank,
and row address of memory locations in one or more of selected SDRAMs
1204-1207. At step 1506, data request logic 1004 deserializes the command
and address information and provides this information to control logic
1002.

Because the memory addressing scheme protocol used by Direct
RDRAM™ devices may be different than that used by SDRAMs 1204-1207,
the activate command supplied on row address lines 1234 may include
column address information for the selected SDRAMs. In this example,
this column address information may be stored in address storage unit 1040
until such time that the column address information is issued to the
selected SDRAMSs.

At step 1508 and from time t2 to time t3, a write command is sent on

column lines 1236. The write command includes device, bank, and column
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between the number of bytes selected for writing in the selected SDRAMs
and the number of bytes selected by the system memory controller, then
steps 1508 and 1510 may be repeated a desired number of times to match the
number of bytes. For example, as shown in Figure 16, if the first write
command WRITE1 on column 1236 (together with the activate command
on row 1234) selects 16 bytes of data and the write command to the selected
SDRAMs addresses 32 bytes of data, then a second write command WRITE?2
may be issued from time t3 to time t4 to address the second 16 bytes.

At step 1512 and from time t5 to time t6, data handling logic 1046 may
receive write data DATAI1 from data bus 1232 and may unpack or deserialize
the write data. Data handling logic 1046 may store the write data DATA1
into write buffer 1012, and address storage 1014 may store the write address
output by request handling logic 1004. If a subsequent write or read
command is received, control logic 1002 may inspect write buffer 1012 and
address storage 1014 for the requested address. If the address is located in
address storage 1014, then the corresponding data in write buffer 1012 may
be read or overwritten. If a subsequent write command WRITE2 is issued,
then DATA?2 received from time t8 to time t10, and associated with this
command, may be unpacked or deserialized and also stored in write buffer
1012.

At step 1516 and from time t6 to time t7, control logic 1002 then
provides the row address to the selected SDRAMs over address bus 1214
and/or 1222, and the appropriate bank activate command to the selected
SDRAMSs over control bus 1238 and /or 1240. For one embodiment, the
appropriate bank activate command includes disabling CAS lines 1211
and/or 1219 and WE lines 1210 and/or 1218, and enabling CS lines 1213
and/or 1221 and RAS lines 1212 and/or 1220 at the rising edge of CLK 1208
and/or CLK 1216. At step 1518 and from time t9 to time t11, control logic

1002 then provides the column address and the write command to the
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lines 1213 and/or 1221, RAS lines 1212 and/or 1210, and WE lines 1210
and/or 1218 at the rising edge of CLK 1208 and /or CLK 1216.

At step 1520 and from time t9 to time t14, control logic may cause the
write data to be provided to the selected SDRAMs on data lines 1224, 1225,
1226, and /or 1227 from data I/O circuitry 1022. For example, 32 bytes of data
may be written to the four SDRAMs 1204-1207 in the following manner:
from time t9 to tume t11 data I/QO circuitry 1022 may provide data packet DO
including the first eight bytes, two bytes to each of the four SDRAMSs; and
from time t11 to time t12 data packet D1 including the second eight bytes,
two bytes to each of SDRAMs 1204-1207. DO and D1 may correspond to
DATAL. Additionally, from time t12 to time t13 data /O circuitry 1022 may
provide data packet D2 including the third eight bytes, two bytes to each of
SDRAMs 1204-1207, and from time t13 to time t14 data packet D3 including
the last eight bytes, two bytes to each of SDRAMSs 1204-1207. D2 and D3 may
correspond to DATA2. It will be appreciated that for other embodiments a
different number of bytes and a different number of cycles may be required
to write the selected the data to the selected SDRAMSs. Although in this
example all DRAMs are written to, in alternative embodiments a partial
write to one (or less than all) of the SDRAMs may be executed.

In an alternative embodiment, memory module controller 102 may
also provide a bridge between system memory bus 1242 and SDRAMs 1204-
1207 using a modified protocol. The modified protocol may be
demultiplexed having a data bus and a separate control bus that transmits
control information and address between a system memory controller (e.g.,
system memory controller 304 of Figure 3) and memory module controller
1202.

In this embodiment, a read transaction from one or more of
SDRAMSs 1204-1207 may be performed as shown in Figure 17 wherein row

bus 1234 and column bus 1236 are used as one control bus 1235 having eight
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1235 including a device, bank, and row address of selected memory locations

in SDRAMSs 1204-1207. In this embodiment, the activate command may be

spread over two cycles (i.e., cycle 0 and cycle 1 in Table 1 below) of CLK 1228

in which data is transferred on each clock edge of the CLK 1228 (i.e., double-

pumped). For one embodiment the packet format is as shown in Table 1

where RQJ7:0] correspond to the signal lines of control bus 1235.

The activate command includes several fields:
B[2:0] Bank Select: Selects one of eight banks in SDRAMs 1204-1207;
D[4:0] Device Select: Selects one of 2° or 32 memory module

controllers;

R[13:0] Row Address: Provides a row address for one or more
locations selected in SDRAMSs 1204-1207; and

ST, SF Encoded Frame/Fast Command:

Cycle | RQ[7] | RQ[6] | RQ[S] | RQI4] | RQ[3] | RQ2] | RQ1} | RQO]
0 ST SE D@l | D@ | D@ | DO | D] | B
0 Rl | RB] | R4] | R3] | Rl | RO | ROl | B
1 R(13] | R12] | RO1 | RA0] | RE | R\ | R7 | B2
TABLE 1

Bits used to indicate whether

a command is framed as indicated in Table 2. The Extended commands

may include noop, precharge, refresh, and other commands.

ST SF Operation

0 0 No Framing

0 1 Frame an Active Command (page
activate)

1 0 Frame a Read/Write Command
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1 1 Frame an Extended Command

TABLE 2

From time t2 to time t3, data request logic 1004 deserializes the
command and address information and provides this information to
control logic 1002. Control logic 1002 then provides the row address to the
selected SDRAMs over address bus 1214 and/or 1222, and the appropriate
bank activate command to the selected SDRAMSs over control bus 1238
and/or 1240 (e.g., as described above with respect to Figures 13 and 14).

From time t4 to time t5, a read command is sent on control bus 1235.
The read command includes device, bank, and column address information
for the desired read locations in the SDRAMSs. In this embodiment, the read
command may be spread over two cycles (i.e., cycle 0 and cycle 1 in Table 3

below) of CLK 1228, and have a packet format as shown in Table 3.

Cycle | RQ[7] | RQ[6] | RQ[5] | RQ[4] | RQ[3] | RQ[2] | RQ[1] | RQ[0]
0 ST SE D@l | DB | D@ | Da | Dol B[0]
0 Clel | Bl | Cd | <@ | < | am | Co | <n
] AP | R/W | Ca1] | cio] | <ol | <8 | a1 | <@
TABLE 3

The read command includes several different fields not present in
the activate command:

C[11:0] Row Address: Provides a column address for one or more
locations selected in SDRAMs 1204-1207;

R/W Read Write: indicates whether the command is a read

transaction or a write transaction. When this signal is in one logical state it
indicates a read transaction, and when it is in the complementary logic state
it indicates a write transaction; and

AD Autoprecharge: Indicates whether the selected column (or row)
of selected memory cells should be precharged after reading.

From time t6 to time t8, request handling logic 1004 deserializes the
read command and provides this information to control logic 1002. Control
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1238 and/or 1240, respectively, (e.g., as described above with respect to -

Figures 13 and 14). If the first read command READ1 on control bus 1235

addresses less bytes of data and the read command issued to SDRAMSs 1204-

1207, then a second read command READ2 may be issued from time t7 to

time t9.

From time t10 to time t16, data I/O circuitry 1022 may receive data

read from the selected SDRAMSs. For example, 32 bytes of data may be read

from the four SDRAMSs 1204-1207 in the following manner: from time t10

to time t11 data I/O circuitry 1022 may receive data packet DO that includes

the first eight bytes, two bytes from each of the four SDRAMs 1204-1207;

from time t11 to time t12 data packet D1 that includes the second eight bytes

two bytes from each of the four SDRAMSs; from time t13 to time t14 data

packet D2 that includes the third eight bytes, two bytes from each of the four

SDRAMSs; and, from time t14 to time t16 data packet D3 that includes the

last eight bytes, two bytes from each of the four SDRAMs. It will be

appreciated that for other embodiments a different number of bytes and a

different number of cycles may be required to read the selected data from the

selected SDRAMs.

When the read data is received, it may be stored in read buffer 1038

prior to providing the data to data handling logic 1046. Alternatively, it

may be provided directly to data handling logic 1046. At step 1314, data

handling logic may serialize or pack the data into the proper format

expected by the system memory controller on data bus 1232. For one

embodiment, data packets DO and D], including a total of 16 bytes of data

from SDRAMs 1204-1207, may be packed into one uninterrupted

transmission DATA1 that may provided to data bus 1232 from time t12 to

time t15. Similarly, data packets D2 and D3, including a second 16 bytes of

data from SDRAMs 1204-1207 may be packed into one uninterrupted

transmission DATA2 that may provided to data bus 1232 from time t15 to

time t17.°
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including a device, bank, and row address of memory locations in one or
more of SDRAMs 1204-1207. Data request logic 1004 deserializes the
command and address information and provides this information to
control logic 1002.

From time t2 to time t3, a write command is sent on control bus 1235
that includes device, bank, and column address information for the desired
write locations in SDRAMs 1204-1207. The write command uses the packet
format shown in Table 3 with the R/W bit set appropriately to indicate a
write transaction. Request handling logic 1004 deserializes the write
command and provides this information to control logic 1002. If there is a
difference between the number of bytes selected for writing in SDRAMSs
1204-1207(e.g., 32 bytes) and the number of bytes selected by the single write
transaction issued by the system memory controller (e.g., 16 bytes), then the
first write command WRITE1L on control bus 1235 may write a first amount
(e.g., 16 bytes) of data, and a second write command WRITE2 may be issued
from time t4 to time t5 to write a second amount of data (e.g., another 16
bytes).

From time t6 to time t9, data handling logic 1046 may receive write
data DATA1 from data bus 1232 and may unpack or deserialize the write
data. Data handling logic 1046 may store the write data DATA1 into write
buffer 1012, and address storage 1014 may store the write address output by
request handling logic 1004. If a subsequent write or read command is
received, control logic 1002 may inspect write buffer 1012 and address
storage 1014 for the requested address. If the address is located in address
storage 1014, then the corresponding data in write buffer 1012 may be read or
overwritten. If a subsequent write command WRITE?2 is issued, then
DATAZ2 received from time t9 to time t11, and associated with this
command, may be unpacked or deserialized and also stored in write buffer

1012.
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address to the selecte SDRAMs over address bus 1214 and/or 1222, and the
appropriate bank activate command to SDRAMs 1204-1207 over control bus
1238 and /or 1240 (e.g., as described above with respect to Figures 15 and 16).
From time t11 to time t12, control logic 1002 then provides the column
address and the write command to the selected SDRAMs over address bus
1214 and /or 1222 and over control bus 1238 and /or 1240, respectively (e.g., as
described above with respect to Figures 15 and 16).

From time t10 to time t15, control logic may cause the write data to be
provided to the selected SDRAMs on data lines 1224, 1225, 1226, and/or 1227
from data I/O circuitry 1022. For example, 32 bytes of data may be written to
the four SDRAMs 1204-1207 in the following manner: from time t10 to
time t12 data I/O circuitry 1022 may provide data packet DO including the
first eight bytes, two bytes to each of the four SDRAMSs; and from time t12 to
time t13 data packet D1 including the second eight bytes, two bytes to each of
SDRAMSs 1204-1207. DO and D1 may correspond to DATA]. Additionally,
from time t13 to time t14 data 1/O circuitry 1022 may provide data packet D2
including the third eight bytes, two bytes to each of SDRAMs 1204-1207, and
from time t14 to time t15 data packet D3 including the last eight bytes, two
bytes to each of SDRAMs 1204-1207. D2 and D3 may correspond to DATAZ.
It will be appreciated that for other embodiments a different number of
bytes and a different number of cycles may be required to write the selected
the data to the selected SDRAMs. Although in this example all DRAMs are
written to, in alternative embodiments a partial write to one (or less than
all) of the SDRAMs may be executed.

Although the present invention has been described in terms of
specific embodiments, it will be appreciated that various modifications and
alterations might be made by those skilled in the art without departing from
the spirit and scope of the invention. The invention should therefore be

measured in terms of the claims which follow.
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What is claimed is:

1. A system comprising:
a system memory controller; and
a first memory module comprising:

a first plurality of memory devices;

a first memory module controller coupled to the system memory controller and
the first plurality of memory devices, the first memory module controller being
configured to receive from the system memory controller a first memory transaction in a
first format and to convert the first memory transaction into a second memory transaction
in a second format for the first plurality of memory devices, the second format of the
second memory transaction being different from the first format of the first memory

transaction.

2. The system of claim 1, further comprising:
a first memory bus coupled between the system memory controller and the first memory

module controller.

3. The system of claim 2, wherein the first memory bus comprises a signal line for a clock
signal.
4, The system of claim 2, wherein the first memory bus comprises:

a signal line for a handshake signal that indicates if the first memory module controller is

communicating data to the system memory controller.
5. The system of claim 2, further comprising:
a second memory bus coupled between the first memory module controller and the first
plurality of memory devices.
6. The system of claim 5, wherein the second memory bus comprises:

a signal line for a clock signal.
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11. The system of claim 1, wherein the first memory module is a dual in-line first memory
module (DIMM).

12 The system of claim 1, wherein the first memory module is a single in-line first memory
module (SIMM).

13. The system of claim 1, wherein the first plurality of memory devices comprise volatile

memory devices.

14. The system of claim 1, wherein the first plurality of memory devices comprise

nonvolatile memory devices.

15. The system of claim 1, further comprising a second memory module including:

a second plurality of memory devices;
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PR b S et lnfe 2 oF
RO manAr i al Copeméry ddEvéshthBRarnoBNhbd e P6It fBtreceive a first memory transaction
from the memory bus in a first format and is to convert the first memory transaction into
a second memory transaction in a second format to at least one of the plurality of memory
devices, the second format of the second memory transaction being different from the

first format of the first memory transaction.

18. A method of communicating a memory transaction between a system memory controller
and at least one of a plurality of memory devices on a memory module including a memory
module controller, the method comprising:

sending a first memory transaction from the system memory controller to the memory
module controller, the first memory transaction having a first format;

reformatting the first memory transaction into a second memory transaction for at least
one of the memory devices, the second memory transaction having a second format that is
different from the first format; and

sending the second memory transaction to the at least one of the memory devices.
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19. The method of claim 18, wherein the memory transaction is a read transaction.

20. The method of claim 18, wherein the memory transaction is a write transaction.
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